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Mississippi Valley Type (MVT) lead and zinc deposits provide a significant source of
sedimentary galena and sphalerite. However, geochemical characteristics and genesis including
the source and production of hydrogen sulfide required for galena and sphalerite ore formation
and the reasoning for quick, episodic mineralization is not fully understood. By simulating
regional MVT brines, the input and effect of biological by-products during the development of
these ores as well as the cause of cyclicity within MVT deposits have been observed.
Experiments using compositions from MVT fluid inclusions were conducted over twoweek periods. Variables during the experiments included temperature, CO2, hydrogen sulfide
(H2S), lead and zinc. Removal of H2S at 70 oC caused no sulfide precipitation. Conclusions of
this study are that fluid mixing or in-situ sulfur reduction by thermochemical or biogenic means
are the primary mechanisms of MVT deposition, while at low temperatures biogenic sulfur
reduction is the main driver.
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CHAPTER I
INTRODUCTION
1.1

Overview
Mississippi Valley Type (MVT) Lead and Zinc deposits require the presence of hydrogen

sulfide or methane during formation and are important economic ores valued for their high
concentrations of the heavy metals lead and zinc. Understanding the geochemical processes
involved in the formation of lead and zinc ores found in MVT regions is crucial in determining
what areas may contain more economically viable deposits. While current understanding of
physical environments leading to the formation of these lead and zinc deposits is fairly extensive
(Anderson and Macqueen, 1982; Leach and Rowan, 1986; Sverjensky, 1994; Sangster, 1996;
Bouhlel et al., 2016) aspects such as the fluid sources, chemical genesis, and reduction processes
are frequently debated.
The main process of MVT ore formation follows the events closely associated with
basinal brine ore formation. Basinal brine ore formation requires that a hot saline fluid migrate
outwards from a sedimentary basin, sometimes over 100 km in distance from the basin
(Sverjensky, 1994; Sverjensky, 1996). This transportation process is often facilitated by
gravitational forces and can be accompanied by compressional forces from the nearby orogenies,
where the metals and fluids are often sourced from (Anderson and Macqueen, 1982; Leach and
Rowan, 1986). As an example, gravitationally driven fluid flow is thought to be a major control
in the Southeast Missouri MVT deposits, a somewhat major control in Gulf Coast MVT deposits,
1

yet a more minor control in recently studied MVT deposits in the Sanjiang Belt located in the
Tibetan Plateau, where compressional forces and thrust faulting is prevalent (Leach and Rowan;
1986, Sangster, 1996; Liu, et al., 2020). A wide variety of basinal brines exist and result in
different kind of ore deposition from MVT to sedimentary exhalative (SEDEX) style deposits
which is explained in detail in the Literature Review chapter. An important feature of MVT brine
fluids responsible for galena and sphalerite precipitation is the similarity and often proximity
between these fluid compositions and those found in oil fields (Sverjensky, 1986; Etminan and
Hoffman 1989). The presence of hydrocarbons in sulfide forming basinal brines is a crucial piece
of evidence that biological components and inputs can take place in MVT settings, and also
places MVT formation at specific depths and temperatures.
1.2

Focus of the Study
Depending on the presence of particular components, such as Na/K and Zn/Pb ratios, as

well as the biomarkers such as hydrocarbons, the source for metal components required of ore
formation may be narrowed down (Wilkinson, 2000; Etminan and Hoffmann, 1989).
Unfortunately, fluid inclusion studies of in situ minerals are limited by the amount of chemical
data and information regarding the effects of the fluid and metal sources, as well as hydrothermal
mixing processes. Ohle (1980) and Sverjensky (1986) outline many questions raised when
considering genesis of basinal brine ore deposits such as MVT lead and zinc suites. Three of
these questions are the focus of this study, and the research included attempts to solve these
problems:
1. Did the brines become ore-forming fluids before, during, or after
transportation?

2

2. What was the source of the ore-forming constituents, and can biological activity
play a role in ore formation?
3. What chemical and/or biogeochemical reactions occur to result in the
precipitation and formation of lead and zinc sulfide ore deposits?
The experimental hydrothermal synthesis work done in this study aims to determine
which chemical conditions are required to reproduce mineral formation that optimally reflects
the genesis of natural MVT deposits, as well as help provide information about the fluid
inclusion chemistry. Data gathered from experimental results will determine what minerals are
formed during different mixing events, and how the fluid evolves during MVT formation.
Exploration geologists may be able to utilize this research to more accurately determine the
potential quality of the deposits and whether or not to begin a preliminary drilling operation.
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CHAPTER II
REVIEW OF LITERATURE
2.1

General Geologic Settings and Environments of MVT Deposition
MVT lead-zinc deposits typically form in partially dissolved and brecciated dolomite, a

common calcium-magnesium carbonate mineral (Sangster, 1996). Brecciation occurs when a
rock undergoes brittle deformation, either through faulting or collapse, and breaks the rock up
into large, jagged fragments possessing high surface areas. The breccias found in most MVT
deposits are thought to be from collapse due to dissolution below the dolomite (Sangster, 1996),
although the water composition (meteoric or ore-forming brine) that causes this dissolution and
subsequent collapse is unknown. These MVT deposits are likely facilitated by the presence of
sulfate and sulfides, which may restrict further dolomite from precipitating in the newly forming
cracks and instead promote the mineralization of heavy metal deposits such as sphalerite, pyrite
and galena. The sulfate present is reduced to sulfides thermochemically at temperatures above
100 °C and biotically by thermophilic sulfate reducing bacteria (SRBs) at temperatures ranging
from 100 °C to 40 °C, typically in the form of hydrogen sulfide (H2S). The reduced sulfides are
then precipitated into the crystal structure of new sulfide minerals found in these deposits.
During mineral formation, the Zn and Pb cations, possessing charges of +2, and Fe cations
possessing charges of +1 bond with the S anions with charges of -2 and -1, respectively, to form
metal sulfide minerals. Many MVT deposits have zoned mineralization, with distinct
homogenization temperatures and chemistries in each zone (Bouhlel et al., 2016), which can
4

provide a history of ore formation. Fluid inclusions in each zone are typically unique from other
zones and have varying oxidation/reduction properties. This is indicative of many phases of
mineralization, influenced by unique sources of water for each individual mineralization phase,
and defined by interaction with evaporites and organic rich marls, limestones, and shales
(Bouhlel et al., 2016).
2.2

Common Basinal Brine MVT Formation
Anderson and Macqueen (1982) studied the physical characteristics in the MVT deposits

in North America. They noted that there is a wide variety of depositional styles for these MVT
deposits and exploring how they form through experimentation may shed light on the question of
where these brines are sourced. Such experiments will also allow for the quantification of the
chemical variables that may result from the leaching of various source rocks and how different
fluid compositions affect deposition. A common feature within most MVT deposits is their
proximity to orogenic events, spatially, and temporally. Anderson and Macqueen (1982) argue
that MVT deposits form at shallow depths, usually around 1 km, and believe that the temperature
of formation is likely to be 60-120 °C, but can reach up to 160 °C and even 220 °C in some cases
(Sverjensky, 1986). The findings of Leach and Rowan (1986), also support these temperature
ranges for mineral formation. Figure 2.1 depicts the typical homogenization temperatures of
MVT deposits, along with associated salinity of the ore forming brines as determined by fluid
inclusion analysis.

5

Figure 2.1

Homogenization temperatures of various MVT deposits during multiple stages of
formation.

These homogenization temperatures describe the temperature at which an exsolution mineral pair “homogenizes” or
forms a single crystalline phase. In this case the homogenization temperature refers to the formation of sulfides from
lead and sulfur. This is important because if the pressure of a system is known, homogenization temperatures may
be used to define the temperature of mineral or deposit formation within the error of 15 °C. Although this may seem
like a large degree of uncertainty at these temperatures, it is a reliable and accurate system of measuring formation
temperatures. Homogenization temperatures obtained by Leach and Rowan, 1986.

The metal ions found in MVT brine fluids are likely sourced from nearby orogenic suites,
as these deposits are often emplaced near forebulges. Convergent activity may result in hot
igneous plutons and subsequent metasomatism which may allow for the movement, dissolution
and long-distance transportation of heavy metals. Likelihood of occurrence with these deposits is
6

largely dependent on the geometry and lithology of the aquifers which deliver the brines.
Successful ore formation often results from the presence of sandstones or flysch type geologies
(Fig. 2.2) beside orogenies.

Figure 2.2

Cross-section of MVT formation mechanics

This cross-section depicts orogenic activity during the formation of the North Arkansas District MVT deposit
(Leach and Rowan, 1986). This diagram suggests that flysch geology or similar sedimentary units facilitate gravity
and compaction driven flow and allow heated brine fluids to quickly flow from the orogeny to the foreland bulge,
where ore deposits will form.

The flow of the brines was originally thought to be compaction driven (Leach and
Rowan, 1986), but is now widely considered to be gravity driven, as compaction flow would
require too much time and stress to transport a significant amount of metal elements (Corbella et
al., 2004). This issue is exacerbated by the fact that many MVT mineral deposits occur in a
geologically quick timeframe. Depending on nearby orogenic activity and orientations, lead and
zinc content and isotopic signatures may differ greatly from other MVT deposits in relative
proximity.
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The cause of elevated brine temperatures may also be more easily answered when
considering a more rapid gravity driven flow compared to compaction driven flow. Heat from
these orogenic events may be picked up by gravity driven flow and transported to the
depositional basin before the fluids have sufficient time to cool to ambient groundwater levels, as
many of these deposits are found at 1-2 km depth (Leach and Rowan, 1986). An average
geothermal gradient would suggest that these brines be at 25 to 50 °C , rather than 80 to 160 °C,
which is the common range of homogenization temperatures found in MVT deposits. However,
as reported by Sverjensky 1986, there are some cases in which homogenization temperatures
may reach as low as 50 °C and other instances in which they may reach as high as 200 °C.
Radiometric and paleomagnetic dating has shown a large correlation between global orogenic
events and the deposition of MVT minerals as well (Leach et al., 2001). Isotopic signatures can
even differentiate between a radiogenic source of lead in central Tennessee ores compared to
eastern Tennessee ores which have a non-radiogenic source (Moyers and Potra, 2017). In
situations such as these, host rock composition is not enough to correlate fluid sources, and
geochemical analysis must be conducted in order to clarify the origin of the lead and zinc
components.
It should be noted that in instances where compaction and compression is the main
driving factor of fluid flow, deposits may be shallow and can have very low δ34SV-CDT values in
galena, -3.2‰ to 0‰ (Liu, et al., 2020). This is contrasted by the high δ34SV-CDT values ranging
from 26‰ to 28‰ found in barites considered to be from the same depositional period as the
galena. These relatively low sulfur isotopes in galena may be explained by a sulfur isotope
fractionation occurring during reduction, possibly via biologic reduction of the sulfates leached
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from anhydrite or gypsum. Barite is sulfate rather than a sulfide, so the high δ34SV-CDT values
found in barite precipitates are likely formed from the sulfate that was not reduced by SRB.
Jurassic carbonates in the Gulf are known to host MVT lead and zinc ore deposits as
well. Many of these carbonates located in the North Louisiana basin are still experiencing
subsidence and brecciation. The faulting in the Gulf also explains the brecciated nature of these
limestones and dolomites which then become infiltrated with brine fluids. Many of these lead
and zinc deposits are found in the upper Smackover Formation as well (Kyle and Saunders,
1996). Many of the carbonates in this area contain ooids, and these ooid rich deposits provide an
immense amount of porosity, allowing for hydrocarbon and metal mineral deposition to occur.
The majority of sulfide mineralization in the Gulf Coast Smackover deposits occurs at
depths of 2,500 to 2,600 m and can often be initially noted by its presence in the pressure
solution cracks or stylolites within the carbonates. Stylolites often bear euhedral sulfide minerals
which is indicative of the order in the paragenetic sequence the sulfides formed in the deposits. It
would mean that sulfide precipitation occurred after the compaction and burial of the ooids.
Fluid inclusions of Smackover sphalerites indicate temperatures of formation between 90 and
105 °C, while those using galena and sphalerite indicate formation temperatures of 100 ±25 °C
(Kyle and Saunders, 1996). Younger carbonates, such as those deposited in the Cretaceous,
display mainly celestite and barite deposits, so the environment and groundwater system can be
implied to be more oxidative and contain less H2S (Kesler and Jones, 1981).
2.3

Halokinetic MVT Formation
Aside from orogenic events, halokinetics and salt tectonics can also provide a suitable

environment in which MVT mineral deposition may occur (Bouhlel et al., 2016). Salt diapirs and
nappes allow fluid transport additionally, leaching from organic rich shales and marls provide
9

brines with metallic elements (Pb-Zn) required for MVT ore deposits in the Tunisian Bou Jaber
region (Bouhlel et al., 2016). Depending on nearby orogenic activity and orientations, lead and
zinc content and isotopic signatures may differ greatly from other MVT deposits which may be
nearby (Anderson and Macqueen, 1983; Liu et al, 2020). In situations such as these, host rock
composition is not enough to correlate fluid sources, and geochemical analysis must be
conducted in order to clarify the origin of the lead and zinc components.
It is known that many MVT brines share a similar chemistry with oil field brines
(Sverjensky and Dimitri, 1984; Hashem and Hoffman, 1989), so it is no small surprise that
numerous styles of MVT like deposits have also formed in the Gulf Coast region of the United
States of America. Many styles of sulfide deposits are found in the Gulf Coast due to the large
scale of the area, both spatially and temporally which allow for many types of sedimentary
activities. The efficacy of entrapment and ore formation depends on the sedimentary layers the
salt is intruding through (Bouhlel et al., 2006). In many cases, metal concentration and
mineralization occur within salt dome cap rocks, and the different caprock chemistry can have
large impacts on the developing ores (Price and Kyle, 1983). Two common ore-bearing cap
rocks found in Gulf Coast salt domes include anhydrite and calcite caprocks (Kyle and Saunders,
1996).
Zinc and lead ore-bearing mineralization that occurs in salt cap rocks typically reflects
the style of deposition exhibited in Mississippi Valley Type (MVT) deposits, but some show
features found in sedimentary exhalative (SEDEX) deposits. This is likely due to its proximity to
the ocean and saline fluid inputs, as found in SEDEX deposits, paired with the fact that the
deposits are hosted in carbonate rocks, as with MVT deposits (Kyle and Saunders, 1996).

10

SEDEX deposition occurs on the Gulf Coast in a uniquely high abundance, as the
hydrocarbon seeps are highly sought after by the microbial community. These microbe-rich
environments also help precipitate barites, anhydrites, and calcites, and are thought to be modern
analogues of the salt dome caprock formation (Richard and Saunders, 1996). Hydrothermal lead
and zinc sulfide deposits such as those found in SEDEX environments often face multiple stages
of dissolution and precipitation, as well as multiple fluid mixes which make it difficult to
determine metal sources (Richard and Saunders, 1996).
Main iron, lead, zinc, and silver mineralization and ore formation occur along the
perimeter of the salt dome where it meets with the cap rock and adjacent sediments (Richard and
Saunders, 1996), as well as in the joints within the anhydrite and calcite caprocks themselves
(Fig. 2.3).
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Figure 2.3

Diagram of halokinetic MVT formation

Figure 2.3 depicts an MVT deposit-bearing salt dome in which sediments may intrude the anhydrite or carbonate
evaporite units. This leads to lead and zinc mineralization throughout the salt dome. Taken from Price and Kyle,
1983.

Some of these sedimentary intrusions into caprock can cause the precipitation of barite, a
barium sulfate, after leaching sulfates from pre-existing evaporites (Kesler and Jones, 1980).
Anhydrite host-rocks typically contain less lead and zinc minerals and less sulfide minerals in
general (Price and Kyle, 1983). This is likely due to the abundance of sulfate and solubility of
the anhydrite, which can provide alkalinity and can oxidize a brine or other groundwater fluids.
On the other hand, carbonates are less soluble than anhydrite, and will be less likely to dissociate
into its ions when the hydrogen sulfide-rich brine flows through it. The anhydrite appears to
dissolve as ores form, in a very complex process which allows penecontemporaneous ore
12

formation as the anhydrite is chemically removed in a way that is similar to carbonate hosted
MVT deposits (Price and Kyle, 1983). While brecciation can be observed in most salt cap rocks,
the carbonates are less ductile are more prone to brecciation, allowing a physical pathway for
mineralization. Even further, if calcite caprock recrystallizes to form dolomite, porosity will
increase, allowing more fluid penetration and mineralization.
2.4

Gulf Coast MVT Deposits
Syn-sedimentary growth faults play a vital role in fluid movement and create fluid traps

even during the process of formation (Kyle and Saunders, 1996). An example of this process is
demonstrated by the sediments being transported from the Sabine Uplift and deposited in
lowlands, where faults form contemporaneously with deposition.
The sources of metals deposited from oil field brines and other groundwater systems in
the Gulf Coast region have been evaluated and theoretically tested by Sverjensky, 1984. The
majority of ore forming fluids develop in deep groundwater aquifers and hydrocarbon bearing
fluids can often contain materials dated to be older than host rock, indicating an external source
(Hashem and Hoffman, 1989). As oil brine fluids at temperatures of 120-130 °C flow upward
through the sediments, they react with the sedimentary rocks and dissolve the metals into the
solution (Sverjensky, 1984). Gulf Coast galena and sphalerite deposits bear many chemical
similarities to other sulfide deposits, such as MVT deposits. While each has a wide array of
depositional styles and characteristics, both have carbonate hosted deposits with brine fluids of
pH 4.5-5.5 and low Na/K levels (Sverjensky, 1984).
It is important to note the low Na/K levels because it reveals the brine fluid’s interaction
history and source of metals. In sediments with potassium feldspar, muscovite, and small
amounts of pyrite, fluids at a pH less than 5.7 and temperature above 100 °C will begin to easily
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weather the sediments and leach their metals (Sverjensky, 1984). When a fluid leaches metals in
this manner, it is typical to see an elevated amount of zinc compared to lead. This means that
Gulf Coast sulfide mineral deposits would likely deposit sphalerite first, and once the Zn/Pb ratio
favors Pb again, galena would begin to mineralize. This will cause a cyclical mineralization and
will create notable mineral and chemical zoning (Wilkinson, 2001). It is thought that the oil
brines reach temperatures that break down oil and produce reduced sulfide, this can provide a
significant chemical pathway for zinc, lead, and iron sulfides to precipitate. After this occurs, the
remaining brine may produce a silver-rich solid phase (Kyle and Saunders, 1996). This provides
an extremely economically profitable ore deposition model.
2.5

Variables in MVT Brine Chemistry
It is now known that zinc accelerates the formation of dolomite (Vandeginste et al., 2019)

and sulfate inhibits the growth of dolomite. It is worth noting that addition of ZnCl2 decreases
pH significantly (8.6 to 6.7), yet the formation of dolomite is still hastened (Vandeginste et al.,
2019). An increase of alkalinity may hypothetically promote mineral formation of the dolomite
cements which may reduce pore space for sulfides to form.
Additionally, the removal of sulfate in the brine system via thermochemical reduction or
sulfate reducing bacteria (SRB) will promote the precipitation of dolomite because sulfate
typically inhibits dolomite formation. However, some papers indicate that SRB, which can
produce higher levels of pH and alkalinity, are effective at precipitating zinc metals (Remoudaki
et al., 2003). Alternatively, many of the brines that have been analyzed have a pH of
approximately 4.5, which would indicate a very acidic brine. The fact that these zinc-sulfides are
found in brecciated dolomite is peculiar (due to these chemical relationships), and the
experiments conducted include dolomite as a substrate on which precipitation will occur. The
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effects of the varying brine compositions on the dolomitic substrate, and the likelihood for
penecontemporaneous dolomite dissolution and metal sulfide precipitation was examined.
In many MVT deposits, fluid inclusions in lead and zinc sulfides have been analyzed.
These fluid inclusions are brines that did not precipitate solid minerals because they were trapped
during formation. It has been postulated that sulfate in the brines was reduced thermochemically,
which suggests that the reaction was facilitated by relatively high temperature conditions, 100180 °C in this case (Fig. 2.4). However, sulfur isotope analysis revealing δ34S values as low as 3.2‰ to 0‰ in many fluid inclusions has pointed to the idea that sulfur reduction may be due to
SRB (Liu et al., 2020) and sulfates were in fact reduced at temperatures below 100 °C.

Figure 2.4

Homogenization temperatures and salinities of various geological formations

Graphically displays the range of homogenization temperatures and salinities found in MVT deposits. Salinity varies
from ~17-30 wt%, while temperatures range from 60 to 160 oC. Taken from Wilkinson, 2001.

It is very important to note that the sulfide in these fluids appear to be produced by
organisms that reduce sulfate, which may be extremely informative in terms of the subsurface
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conditions required to form MVT deposits (Olanipekun and Azmy, 2018). Idealistically, an
increase in SRB by-products would enhance the deposition of these minerals. McLimans et al.
(1980) found that these deposits do not form all at once, but in bursts. The cycle of rapid
deposition followed by a period of non-deposition may be due to an environmental change in
which less SRB are present, pH may be too high for deposition to occur, or there may simply be
a lack of metal ions concentrated in the underground brines. The latter may be a result of the
nearby orogenic conditions and whether or not there are sufficient amounts of leaching fluids
passing through the system and arriving in the foreland bulges where many MVT deposits are
found. Understanding the former two problems of brine chemistry may then, in turn, help us
understand the physical conditions needed to form these brines, and why these bursts occur.
Determining the source material of Pb-Zn is crucial in predicting where more MVT
deposits may be found, based on fluid transport, host rock, and nearby source materials.
Incorporating organic by-products, such as hydrogen sulfide and methane, and chemical
variables, such as CO2 or metal content, in experimental work will further narrow down
prediction models and provide accurate results when attempting to secure future mining
operations. Further analyzing the precipitation and solubility of metal sulfides can aid in the
remediation of metallic wastes. Contamination occurs frequently near mining operations, and
abiotic and biologically influenced mechanisms which effect alkalinity and redox potentials aid
in the removal of harmful metallic elements from solution (Peltier et al., 2011).
More recently, geochemistry has been used in determining indicator minerals, usually
with high success rates. These indicator minerals are very characteristic of an ore body
containing large amounts of lead and zinc sulfides, which then prompts further study of the area.
Also of great importance are the fluid inclusion compositions, as these can be used as a type of
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ore body indicator as well. A complete table of compositions gathered from fluid inclusions can
be found on Table 2.1.
Table 2.1

Regional Brine MVT Compositions and Chemistries
Parameter
Temperature (oC)
pH
Ionic Strength (m)
Saturation Pressureb
Cl (m)
Soxidized (m)

Regional
Brine
120
4.55
4
148.3
4.9
2.5x10-2

Sreduced (m)

1.4x10-3

CO2 (m)

3.5x10-1

CH4 (m)

5.6x10-3

Ca (m)

5.7x10-1
1.02x10-1
5.6
1.02x10-1
3.53
5.6x10-4

Mg (m)
Ca/Mg
K (m)
Na (m)
SiO2 (m)
Al (m)

1.2x10-6

Fe (m)

1.7x10-4

Zn (m)

3.8x10-1

Pb (m)

9.0x10-2

North American Regional Brine compositions. The Regional Brine consists of the average of many North American
MVT deposits in which fluid inclusions were analyzed. Our experiments used the Regional Brine compositions
found in North America to gain a more applicable and well-rounded understanding of the chemistry in MVT
deposits, and North America hosts a large variety of MVT deposits. (Plumlee et al., 1994)

2.6

Lead and Zinc Solubilities
Major factors dictating the solubility of metallic cations include the ion content, pH of

the solution, reduction/oxidation potential, and temperature. When a highly concentrated solution
of ions passes over a solid, it is less likely to dissolve the solid into the aqueous phase than a pure
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water passing over the same solid. This is because water has an ion-carrying capacity, and as
ions “fill up” this carrying capacity, it makes it more difficult for water to dissolve more into the
solution. Altering pH will also affect the solubility of lead and zinc ions in solution; this is an
inverse relationship, and a lower pH will result in a higher level of solubility. Alternatively, the
temperature and solubility are directly related, and the increase in a solution’s temperature will
cause an increase in solubility. An increase in pressure will have minimal effects on solubility,
but increased pressure allows more dissolution of gasses which can affect the chemistry of
solutions by altering pH and redox conditions (Martinez and Motto, 2000).
Lead typically becomes more mobile in non-calcareous soils of pH values of 5.2 and
below (Schock et al., 2005). Pourbaix diagrams attempt to classify which chemical species will
form when in solution with an anion pair (Fig. 2.5).
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Figure 2.5

Relevant Pourbaix Diagrams

A, B, C, and D depict Pourbaix diagrams of a lead sulfur system, a lead carbonate system, an aqueous sulfate
system, and an aqueous zinc system, respectively. A, B, C, and D were taken from Puigdomenech, 2004; Schock et
al., 2005; Steudel, 2020; Krezel and Maret, 2016, respectively.
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Specific valence states of lead are more soluble than others, but the majority of lead is
found to possess a charge of +2 which allows scientists to observe the other effects on lead
solubility. Lead +4 tends to form covalent bonds, whereas lead +2 tends to form ionic bonds
which are the more soluble of the two types of lead bonds (Wuana and Okieiman, 2011).
Typically, a reduced setting increases the precipitation of solid-state lead in the form of pure
solid lead. Increasing the pH of the solution will cause lead to precipitate out, but typically as a
molecule such as PbCO3 in the case of a carbonate dominated system, or PbS in the case of a
sulfur dominated system.
Zinc also possesses a natural charge of +2 due to it having a complete 3d orbital and will
likely only ever lose its 2 electrons in the 4s shell. Zinc is very insoluble in high pH
environments (increasingly soluble below pH of 6.2) and is found in low concentrations in
carbonate soils and sands. In instances where zinc or lead manages to make its way into
carbonate materials, they tend to precipitate as lead and zinc minerals such as galena and
sphalerite, respectively (Martinez and Motto, 2000). Zinc is unique in that it can become more
difficult to precipitate as a solid in the presence of other metal cations, including lead. Lead has a
higher potential to bond with anions in a solution than zinc, so it will react preferentially to zinc.
This can be taken advantage of in agricultural fields where lead contamination is a problem, but
variable presence of zinc in groundwater is favorable to crop growth (Noulas et al., 2018). This
kinetic inhibition may allow reducing agents to precipitate lead solids while zinc ions remain
dissolved in solution.
2.7

MVT Sulfide Mineral Formation Processes
At higher temperatures (100-120 °C) the sulfide minerals were also expected to exhibit

increased growth and mineralization (Sangster, 1996). This can be explained by the reduction
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reaction of sulfate (SO42-) to hydrogen sulfide (H2S) that occurs in settings experiencing
increased temperatures. The presence of hydrogen sulfide helps facilitate sphalerite and galena
mineralization by providing a chemically active and reduced sulfur anion, in the valence state S2(Eq. 1.1). At temperatures below 100 °C, another sulfate reduction mechanism is required and
can be achieved by SRB activity, which actively reduces sulfate during respiration (Henry et al.,
1994; Evans and Dunsmore, 2006; Peltier et al., 2011). This reduced sulfur ion easily bonds with
Pb2+ and Zn2+ cations that are present in MVT brine waters. An increase in organics also aids in
the formation of methane (CH4), which helps facilitate the production of sphalerite and galena in
the presence of sulfate (Corbella et. al, 2004), and this chemical pathway does not require the
high temperatures needed for thermochemical reduction (Eq. 1.2). These can be defined by the
following reactions:
𝐻2 𝑆(𝑎𝑞) + 𝑍𝑛2+ → 𝑍𝑛𝑆(𝑠) + 2𝐻 +

𝑆𝑂42− (𝑎𝑞) + 𝑍𝑛2 + + 𝐶𝐻4 (𝑎𝑞) → 𝑍𝑛𝑆 (𝑠) + 2𝐻2 𝑂 + 𝐶𝑂2 (𝑎𝑞)

(2.1)

(2.2)

The interaction of SRB in this system is highlighted in figure 2.6, mainly through the
production of hydrogen sulfide. Desulfobacter, a thermophilic SRB, and Desulfuromonas, a
thermophilic bacterium capable of producing hydrogen sulfide, are used as examples as they are
common hydrogen sulfide producers. Some thermophilic SRB are productive at temperatures up
to 80 °C (Jeanthon et al., 2002).
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Figure 2.6

Biotic activity and interaction with bedrock material

SRB reduce sulfate to hydrogen sulfide, providing an increase in pH and pathway for sulfide mineral
precipitation. As these H2S-rich fluids flow throw pore spaces, lead and zinc is leached from the solid substrate, and
subsequently precipitated as galena and sphalerite. Also depicted are methanogenic bacteria and their role, which is
more minor in high temperature systems above 55 °C. The composite of resulting microbial by-products and their
interaction with rock material leads to sulfide precipitation.

Consistent pH due to present ions and resulting alkalinity plays a major role in allowing
precipitation or deposition of sphalerite and galena due to the pH being very constant during
deposition (Ohle, 1980; Sangster, 1996; Wilkinson, 2001). A likely factor for the low pH is that
when lead and zinc sulfide mineral formation is facilitated by H2S, two hydrogen atoms are
released, which directly increases acidity. A less direct effect on pH during formation may be the
aqueous CO2 that is produced when methane is used to create the sulfide deposits. When CO2
reacts with water, it forms carbonic acid (H2CO3), which will lower the pH of the brine. Much of
the aqueous CO2 may escape the brine by flowing upward through permeable areas via capillary
effect, raising the pH of the solution. An increase in pH may possibly diminish deposition of
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these minerals, which may occur during an event where fresher water is introduced and mixed
with the brine’s current chemistry. Diminished deposition may be inferred due to the fact that
certain minerals found in MVT deposits including marcasite, an iron sulfide, require very acidic
conditions in order to form. Minerals such as marcasite are indicative of the underground
environment during bursts of MVT formation. Lowering the temperature to around 60-80°C may
have a positive impact on the precipitation of zinc and lead sulfides (Anderson and Macqueen,
1982). Higher temperatures typically dissolve more solvents, and lower temperatures are more
favorable to solid state formation of sulfides, which may result in increased mineral formation at
MVT deposits.
It has been proposed that the development of cavities in the dolomite which lead to the
collapse breccias contribute to high levels of alkalinity and stable pH values in brine fluids by
introducing carbonate and bicarbonate ions to the solution (Corbella et. al., 2004) Introduction of
metal ions, chlorides, as well as sulfates and sulfides in these fluids within the cavities result in
lowered pH, dissolving the host rock and increasing carbonate alkalinity. A possibility is that
these fluids high in carbonate alkalinity vacate the system prior to collapse, allowing a more
acidic brine to replace it. Another proposed idea is that as sulfide minerals are produced and pH
is lowered, increased dissolution of carbonate host rock occurs, once again increasing buffering
capacity. This may work to create an environment that is highly efficient in precipitating lead
and zinc sulfide minerals.
The source of this reduced sulfur is still not fully understood, and more research is
needed to bridge the knowledge gap. Proposed sources of sulfate and sulfide is outlined by
many previous authors, and typically assume a fluid mixing event, introduction of methane, or
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may even be largely controlled by the source rock or host rock of new ore formation (Huizenga
et al., 2006, Leach et al., 2010; Farquhar, 2010.)
Many MVT deposits show variable zoning in mineral deposits, such as sulfide,
sulfide/barite, to barite sequences in Salt dome deposits (Bouhlel, 2016). Tennessee deposits
demonstrate that many sources of metallic elements may contribute to a specific deposit over
long temporal ranges (Potra and Moyers, 2017). Mixing events during adjacent orogenic activity
generate periodic mineralization processes, which may cause zoning and discrepancies in
isotopic concentrations between sulfide deposits nearby (Fig. 2.7).
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Figure 2.7

Typical vein characteristic of MVT deposits

A typical MVT vein as described by Wilkinson (2001) shows multiple mineral growth stages. The outermost portion
of the vein is characterized by precipitation mainly of quartz, while the second phase shows quartz and galena
growth. This is followed by calcite, and then one more quartz growth stage. The final minerals to form are a second
phase of calcite and sphalerite. This is indicative of many ion sources and possible fluid mixing events, which may
produce the cyclical growth of galena followed by sphalerite.

In the event of fluid mixing, reduced sulfur content must remain elevated in order to
produce mentionable MVT deposition. Cyclicity in MVT deposits is quite common and can
likely occur due to fluid mixing during different orogenic events or the dissolution and inflow of
fluids from sedimentary layers above and below the brecciated dolomite (Deloule et al., 1986;
Wilkinson, 2001). Cyclical mineralization may even be due to kinematics and the chemical
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preference of sulfide precipitation when considering the differences between lead and zinc and
their likelihood to form galena and sphalerite.
2.8

Sulfate Reducing Bacteria and MVT Deposition
It is likely that many MVT deposits that form at temperatures of 60-80 °C have sulfides

sourced from the biogenic reduction of sulfur species. Many known strains of SRB display a
decrease in productivity at temperatures greater than 85 °C (Evans and Dunsmore, 2006), but are
quite active at temperatures below 85 °C. Biogenic activity may confer a considerable
contribution of H2S to the system which has a control on the increased mineralization of lead and
zinc sulfides in the 60-80 °C range. Relatively low δ34S values are found in many MVT deposits;
-25‰ to + 2‰ in the Drau Range (Kuhlemann et al., 2001), -0.75‰ to +0.08 ‰ in the Picos de
Europas (Pasava et al., 2014), and δ34SV-CDT values of -3.2‰ to 0‰ in the Jiamoshan MVT
deposit in the Tibetan Plateau (Liu et al., 2020). When comparing these lower δ34S values to
other MVT deposits displaying values as high as +26.1‰ to +33.0‰ (Zhou et al., 2018),
chemical or biochemical isotopic fractionation processes must be considered, and simple models
outlining different sulfur or fluid sources does not fully explain the large discrepancies.
Much of SRB’s behavior at the deep subsurface has been studied in reference to
hydrocarbon extraction, as the presence of sulfates and SRB in a hydrocarbon bearing rock may
result in the degradation, or “souring,” of hydrocarbons as H2S is introduced into the system
(Evans and Dunsmore, 2006). While this is purely detrimental to oil and gas exploration,
lowering the quality of fuel and increasing the environmental damage caused by burning such
fuels, the H2S rich hydrocarbons can act as a tracer for SRB activity in an oil field brine (Etiman
and Hoffman, 1986). As oilfield brines and MVT brines are similar or even synonymous in many
ways, oilfield brines often contribute to the production of MVT deposits.
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As SRB are a very diverse group of organisms, this study will focus mainly on the
chemical influence of thermophilic strains in ore deposition. Thermophilic SRB strains can be
considered capable of thriving in temperatures ranging from 50 to 92 °C, with communities
having been observed in laboratory and field settings (Castro et al., 2000). Even within specific
thermophilic SRB, there is a range in which they may live, sometimes a range of ±12.5 °C (The
most active communities in terms of H2S production typically will grow optimally between
temperatures of 60 to 70 °C, with the peak productivity occurring at temperatures of 65 °C (Henry
et al., 1996). Because 70 °C is a relatively common temperature of formation for MVT deposits
(Anderson and Macqueen, 1982; Sverjensky 1986; Leach and Rowan 1986; Wilkinson, 2001)
and is capable of maintaining an active community of thermophilic SRB, it is the temperature
that will be most actively utilized for the purpose of these experiments.
As the variation in SRB strains could not be observed in the chemical reactions prepared
for these experiments due to the lengthy time required for SRB cultures, the common byproducts of SRB activity and respiration, namely H2S, will be utilized instead. Biological
productivity has been studied prior to these experiments, and SRB has been known to reduce
sulfate in solution to significantly react with zinc forming zinc sulfides (Peltier et al., 2011). Note
that the laboratory set up in which Peltier et al.’s tests were executed in included ultrapure water
with resistivity greater than 18 MΩ, whereas the experiments conducted in this research take
place in very saline and conductive conditions. The inclusion of all cations and reactants found in
a natural solution to simulate MVT brine fluids may increase the formation of unwanted metal
complexes. These metal complexes may interfere with XRD measurements but can easily be
filtered out by focusing on sphalerite and galena formation. Once the unwanted metal complexes
are determined, their starting components are removed to allow galena and sphalerite formation
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to dominate the solution. An analogous composition of MVT brine fluids must be used to ensure
the correlation between MVT deposition and thermophilic organic activity in realistic settings.
2.9

Current Techniques for MVT Ore Exploration
Exploration of these lead and zinc ore bodies typically begins with indicator minerals

being discovered in till or eroded material, MVT like deposits found in outcrop, or drill cores
containing lead and zinc minerals (McClenaghan et al., 2018). Many areas that were once
glaciated tend to reveal indicator minerals, although the amount of transport that has occurred
can be difficult to determine. Even so, till and moraines have been the focus of much study in
determining the bedrock source for these lead and zinc sulfides, such as in the Pine Point deposit
in Canada. Dispersal geometries paired with the geometry and dips or nearby beds can help to
narrow down possible sources, and glacial striations are often used to determine the direction the
glacier was flowing, and therefore the direction the indicator minerals were transported (Oviatt et
al., 2016). Other potential surficial sedimentary environments that may be observed and studied
for indicator minerals include stream systems and areas of mass wasting (McClenaghan, 2005).
Areas where substantial weathering has occurred and where the vector of sediment transport is
well understood are beneficial for exploration geologists because it is relatively inexpensive to
collect samples and can be easily linked to bedrock cores once the source locale is realized.
Once sediment samples are collected, they may be separated based on weight, those with
high specific gravities tend to concentrate more lead and zinc sulfide minerals. Once samples are
prepared for SEM or thin section analysis, they are visually examined to see if they match up
with past trends of mineral deposits, and whether they have a high enough concentration of
economic ores worth investigating further. If so, they may be subjected to chemical analysis in
the ways of X-ray diffractometry or inductively coupled plasma optical emission spectrometry to
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determine mineral concentrations and elemental content, respectively. Chemical analysis of
surficial sphalerite and galena tend to match up incredibly well with their bedrock counterparts,
except for cold environments with high acidity, where they weather rapidly (Oviatt, et. al., 2016)
Cores can then be taken from the suspected area the indicator minerals were transported
from. These cores will then have certain sections chemically and texturally analyzed to
determine the lead and zinc content, via atomic absorption (AA) or inductively coupled plasma
mass spectrometry (ICP-MS). A high grade with large textural similarities to indicator minerals
will likely mean that there is a profitable ore body in the region that was cored, and further
drilling may be done to understand the geometry of the ore body itself. Ground penetrating radar
has been used to learn more about geometries of many ore deposits as well, but it is difficult to
employ this technique when looking for MVT lead and zinc sulfides due to the precipitation
occurring in brecciated dolomites (McClenaghan, 2011). Resolution can be low, and it can be
difficult to determine which brecciated body contains sphalerite and galena using ground
penetrating radar. An increasing emphasis is being put on the geochemical aspect of
exploration geology, as well as in the ore control sector. A deeper understanding of
geochemical parameters which may allow more accurate exploration of profitable ore bodies will
prove very useful in future economic endeavors. Current exploration involves the
characterization of lithological cores and veins within deposits (Wilkinson, 2001). By
understanding the chemical genesis of valuable ore deposits, one can notice biomarkers, such as
soured hydrocarbons, cyclical growth and stages of mineralization, as well as temperature and
relative speed of formation; all of which will allow more accurate assessments of whether or not
an underlying deposit may be high- or low-grade ores.

29

Typical mining procedures include strip-mining the area once a viable MVT sulfide
deposit has been mapped both surficially and in the subsurface. This involves removal of earth
material at shallow depths in order to reach the deposits in the subsurface. In instances of MVT
deposition, strip mining is typically done in cases where exhumation has occurred and galena
and sphalerite are brought closer to the surface. In these cases, tracer minerals as described above
can be critical in finding significant MVT deposits. In cases where MVT is deeper, and open pit
mining might be considered, veins containing quartz, sphalerite, and galena are often examined,
as outlined in Wilkinson, 2001. These veins often showcase distinct mineralization stages, which
involve early precipitation of galena found on the outer area of the vein and later sphalerite
precipitation which is found on the inner area of the vein. Experimental research can further
enhance the limited current understanding of the cyclicity behind these stages of
mineralization. This study seeks to identify biomarkers such as sulfur isotopes relating to
MVT’s genetic processes and attempts to develop brine solutions that agree with the results
found in in-situ MVT formations and their respective fluid inclusions (Sverjensky, 1986;
Plumlee et al., 1994; Wilkinson, 2001).
2.10

Overview of Past Experimental Sulfide Work
This study attempts to develop a simple method in which MVT settings can be recreated

and analyzed in order to further understand the individual components within those systems and
how they impact the formation of economically viable deposits of galena and sphalerite.
Previous work concerning the precipitation of synthetic galena and sphalerite requires complex
set-ups and expensive materials (Tauson et. al., 2005). These older setups are also designed to
specifically precipitate pure galena and pure sphalerite to be used in later tests (Barrett and
Anderson, 1982). Such examples of previous work include dissolving and reprecipitating pre30

existing galena to determine metal impurity fractionation. Mineral synthesis set-ups such as
those are important in understanding behavior of individual galena and sphalerite but fail to
demonstrate the behaviors of various chemical variables in a realistic setting of formation.
Hydrothermal synthesis has been outlined by Rabenau, and a method similar to those described
by Rabenau was used for these experimental reactions, further outlined in the Methodology
section. It should be noted that hydrothermal synthesis is loosely defined as aqueous reactions
done in autoclaves at 100 degrees Celsius or higher, so only the experiments run at 120 °C can be
fully considered hydrothermal synthesis reactions.
Sulfide minerals are very important in economic geology, and the ones found in MVT
deposits are mined for their lead and zinc content, in the form of galena and sphalerite,
respectively. The experiments we have run will attempt to narrow down possible brine (brines in
this case being groundwater containing high amounts of dissolved ions and salts) compositions
which may be likely sources of these deposits.
2.10.1

Previous Laboratory Setups
Much of the previous hydrothermal synthesis work often involves ammonium chloride as

the solvent, rather than water or a brine, as is commonly the natural chemical setting for MVT
deposits, and also involve quartz or silicate ampoules to help promote the reactions. By
replicating brine compositions known to form galena in natural settings and tweaking it slightly,
a simple method to determine the factors that promote or inhibit the growth of MVT minerals
can be established. A stark difference between previous experiments and those conducted in this
study, is that this study will not attempt to create a pure form of any one mineral or crystal.
Rather, this experiment attempts to recreate the most realistic composition possible for MVT
deposits all while changing individual chemical variables. By doing so, exploration geologists
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may be able to determine chemical signatures that may promote lead and zinc sulfide production
in the earth.
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CHAPTER III
HYPOTHESES AND OBJECTIVES
3.1

Hypotheses
Current understanding of MVT deposition, in simple terms, involves either a metal-rich,

saline brine and a separate H2S-rich fluid mixing in brecciated dolomite, thus mineralizing
sulfide minerals such as galena, sphalerite, and pyrite; another proposed formation process being
a significant drop in temperature or rise in pH caused by fluid mixing (Ohle, 1980; Anderson and
Macqueen, 1982; Sverjensky, 1986; Sangster, 1996). In both instances, mineral deposition
requires a complex, cyclical mode of fluid transportation assisted by orogenic activity. Studies
have attempted to describe the source of metals, as well as the reasoning behind the cyclicity of
deposition (Potra and Moyers, 2017). These previous studies describe typically that the H2S is
reduced from sulfate thermochemically, either in situ, or prior to being transported to the
brecciated dolomite where precipitation occurs. Problems with thermochemical reduction occurs
in instances where MVT homogenization temperatures are less than 100 °C, as thermochemical
reduction of SO42- to H2S is typically not possible at temperatures that low. Another issue that
arises from the idea that SO42- is reduced to H2S prior to transportation is that H2S causes
corrosion and leaching of any rock it passes through, which should provide enough metallic ions
to form sulfide minerals prior to reaching the MVT site.
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3.1.1

Hypothesis 1
The first hypothesis of this study is that at low temperature conditions, thermochemical

reduction of sulfate is not possible, and so SRB are responsible for the presence of H2S in low
temperature MVT brines, leading to the formation of galena, sphalerite, and pyrite.
3.1.2

Hypothesis 2
The second hypothesis proposed by this study is that the cyclicity of galena and sphalerite

formation is caused by different fluid sources and fluid mixing. Tying in with this hypothesis, it
is proposed that if zinc and lead are in both in high enough quantity, along with sufficient H2S,
both galena and sphalerite may precipitate together rather than cyclically.
3.2

Objectives
This study consists of experimental set-ups with multiple chemical variations designed to

test the two hypotheses previously outlined and attempt to recreate a realistic MVT setting to
achieve accurate analogues of the environment of lead and zinc ore formation.
3.2.1

Objective 1
The role of SRB and their reduction of sulfate in the formation of low temperature MVT

lead and zinc deposits will be investigated by simulating brine conditions at various
temperatures. This will be achieved by the addition or removal of H2S, while keeping SO4
present in the system to determine the role of thermochemical and other forms of sulfate
reduction.
3.2.2

Objective 2
The cyclicity of MVT formation is tested in this study by including brine compositions

with zinc or lead being absent, or both present. This is to determine whether or not the cyclicity
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of MVT deposition occurs largely due to chemical kinetics and reaction pathways or if it is often
driven by fluid mixing events that contribute to variations in lead and zinc ratios.
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CHAPTER IV
METHODOLOGY
4.1

Experimental Setup
In order to determine the role of thermochemical reduction and chemical components

such as sulfates in the deposition of sulfide minerals found in Mississippi Valley Type (MVT)
deposits, a series of near-hydrothermal reaction experiments were run. The reactions were
conducted in steel autoclaves, housed in an inert Teflon liner. To enhance the accuracy of the
artificial MVT environment, pure dolomite, verified by XRD analysis, was introduced to the
autoclaves prior to the addition of the brine fluid to act as the substrate for sulfide nucleation as
well as to act as a natural pH buffer. The setup of the autoclaves is illustrated in figure 4.1.
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Figure 4.1

Autoclave configuration before and durin6g mineral precipitation

A) shows dolomite and CO2 addition prior to the reaction period. B) displays the reaction as it occurs in the oven
over the 14-day period. Mineralization began in the fluid at different nucleation sites, represented by the black dots,
while dolomite also acted as a nucleation site for much of the sulfide mineralization that occurred. Modified from
Angel Jimenez, 2019. Further images of the laboratory setup can be found in Appendix A.

To produce an ideal MVT brine, first a control experiment was run. The control brines
are those unmodified from Leach and Rowan’s Regional Brine, labeled 3A-1S and 4A-1S, as
well as a more simplified composition labeled 3C-1S and 4C-1S, and is an accurate
representation of Regional Brines and temperatures (Table 4.1).
Table 4.1

Regional Brine composition used in control experiments
Chemicals used in Regional
Brine
AlCl3

g per kg of solvent
1.6x10-4

CaCl2
CaSO4
FeCl3

72.755249
4.304
0.02761
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Table 4.1 (continued)
Chemicals used in Regional
Brine
PbCl2
MgCl2 6H2O
KCl
NaCl
NaOH
Na2S-9H2O
ZnCl2

g per kg of solvent
25.0138
20.732
7.6037
184.5243
14.7788
0.35723
51.832

By using the North American Regional Brine composition gathered from fluid inclusions by Plumlee et al., 1994, a
concise list of chemicals able to recreate the ion content in typical MVT brines was made. Chemicals used are
highly soluble, so loss of material due to supersaturation was not expected. The multitude of cations contribute to
metal complexation and complicated stoichiometry, so future experiments removed many of the cations for
simplification.

In order to allow galena and sphalerite to dominate the precipitations, some unnecessary
cations such as iron, aluminum, magnesium, and potassium were removed from the control’s
starting composition. Dolomite is added to the autoclave before the inclusion of the brine fluid
and is at least expected to act as a physical nucleation site for mineral growth to occur, while
chemical effects of the dissociated ions are harder to predict. Control experiments were run at
120 °C to account for the temperature which occurs during galena and sphalerite formation in the
measured regional brine, while all other reactions were run at 70 °C.
To simulate the by-products of SRBs, tests added additional anaerobic bacteria byproducts, such as hydrogen sulfide in the form of 0.02-0.8 mg/100mL sodium sulfide
nonahydrate. It appears that the alkalinity in these depositional brines is very high, as the pH
does not vary much from deposit to deposit, and ranges from approximately 4.3 to 4.5 in all
MVT fluid inclusions, regardless of region; this pH does not become more acidic than this likely
due to the presence of a dolomitic substrate.

38

In order to determine whether it may be thermochemically sourced, a set of experiments,
labeled as 3S, were run using only sulfates. Removing any reduced sulfur will help determine if
thermochemical reduction in an MVT brine is plausible as a means for hydrogen sulfide
production. Half of the prepared 3S brine was used to fill up two 75 mL autoclaves, after which
sodium sulfide nonahydrate was added to the remaining half of the brine solution to create 4S
composition brines and filled up two separate 75 mL autoclaves. After these brines were
prepared and the autoclave was filled with the solutions, dry ice was weighed and then added to
the autoclaves to introduce CO2 into the system; the volume of brine fluid and amount of CO2
varies slightly and can be found in Table 4.2. 50 mL autoclaves are labeled as “A”, 75 mL
autoclaves are labeled as “B”, and 100 mL autoclaves are labeled as “C”.
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Table 4.2

Fluid conditions for the experiments

Fluid Conditions
4A-1S
3A-1S
4C-1S
3C-1S
1C-2S
2C-2S
3C-2S
4C-2S
6B-2S
3B-2S
5B-3S
6B-3S
1B-4S
3B-4S
4C-5S
3C-5S
1C-6S
2C-6S

Dolomite (g) Fluid Volume (mL) Dry Ice (g) Ending pH Temperature (C)
0.2
16.5
0.04
5.25
120
0.38
15.68
0.03
5.01
120
0.75
75.81
0.05
5.15
120
0.68
76.44
0.15
5.21
120
1.75
75
1.35
4.12
70
1.82
75.98
0.8
4.48
70
2.3
75.43
0.6
4.61
70
2.69
75.61
1.1
4.65
70
0.65
35.33
0.74
4.81
70
0.96
36.35
0.15
4.79
70
2.98
33.3
0.25
4.82
70
2.92
32.2
0.23
5.05
70
2.46
34.95
0.29
5.17
70
1.5
35.43
0.3
5.22
70
1.5
78.54
0.6
5.28
70
2.06
77.93
0.3
5.32
70
2.15
81.3
0.44
4.98
70
2.74
82.02
0.31
5.12
70

List of fluid conditions in compositions 1, 2, 3, 4, 5, and 6. Dolomite weight, fluid volume, and dry ice weight was
recorded prior to experimentation, while pH was recorded after. Starting pH of the brines were in the range of 4.24.5, but since they had to be taken prior to the inclusion of CO2 they are not included in the table. Temperature for
each experiment is also listed; temperatures varied ± 4 oC during experimentation due simply to oven performance.

The different solutions will help to illustrate the importance of reduced sulfide and point
out the temperature restriction that low-temperature systems might impose on thermochemical
sulfate reduction.
The reactions performed were done in aqueous brines that emulate MVT brine settings
found in the United States, while varying individual chemical components as outlined in Table
4.3.
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Table 4.3
Chemical
NaCl

Chemical compositions of the solutions used in the mineralization experiments
g/100mL (1S)

g/100mL (2S)

g/100mL (3S)

g/100mL (4S)

g/100mL (5S)

g/100mL (6S)

20.24

10.12

10.12

10.12

10.12

10.12

Na2S + 9H2O

0.04

0.8

0

0.02

0.04

0.04

PbCl2

2.50

1.25

1.25

1.25

1.25

0

ZnCl2

5.18

2.59

2.59

2.59

0

2.59

CaCl2

7.28

3.64

3.64

3.64

3.64

3.64

CaSO4

0.43

0.22

0.22

0.22

0.22

0.22

NaOH

0.24

0.12

0.12

0.12

0.12

0.12

Temp. (C)

120

70

70

70

70

70

List of chemical compositions used in the batch reaction experiments. Simplified from Table 2 to remove available cations and metals from the system to reduce
the possibility of complex chemical species from developing. Throughout the experiments, the temperature was held at 70 °C aside from the initial control, to
recreate conditions found at low temperature MVT deposits. This allows a comparison between high temperature standards with the low temperature experiments
involving chemical variables. Variables were changed as described in the above table to identify the exact change in brine composition that results in the different
precipitates. Sodium sulfide acted as reduced sulfur, its removal tests for the efficacy of thermochemical reduction at 70 °C.
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First, dolomite pieces were weighed and added to the Teflon liners of steel autoclaves.
Brines and their chemical components were mixed in a 500 mL beaker using a magnetic stir bar
to ensure even mixing and dissolution of components, and then added to the Teflon liners of 75
mL steel autoclaves (Appendix A). After this step, dry ice was weighed and then placed into the
autoclaves, which were then closed and sealed. The autoclaves were put into the oven at the
desired temperatures and were allowed to react for 14 days. Table 4.3 shows all tests and their
chemical compositions, while table 4.2 describes related pH, CO2, fluid volume, and dolomite.
These tests are designed to reproduce galena and sphalerite precipitation in a more
realistic MVT setting by using a sulfur-rich brine to complete reactions. Not only will brine
compositions and resulting mineral growths be studied, but the source for reduced sulfides,
whether thermochemically or biologically, and the effect of the brines on the dolomite substrate
as well as the dolomites effect on subsequent mineral precipitation will be observed as well.
Experiments tested the variables of dolomite and CO2 concentrations, SRB by-products, metal
content/cyclicity of deposits and temperature using varying conditions found in Table 4.3.
Autoclaves were allowed to cool at room temperature for 24 hours before removing the fluids
and precipitates from the chambers, and any reactions during this time are noted as being
analogous to MVT deposits that have been exhumed.
4.2

Chemical Considerations
When predicting the output of the reaction experiments, many chemical variables must be

taken into account. In order to create a realistic brine that produces the desired saturation indices
and subsequent minerals for observation, a variety of reactions and mechanics were manipulated
and controlled via preparatory equations and chemical modeling in PHREEQC. CO2
concentrations, pH, ionic strength, sulfate concentrations, sulfide concentrations, and active
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cations in solution were considered prior to establishing a reliable solution composition, which
was completed through stoichiometry and work with PHREEQC.
4.2.1

Sulfur and Metal Ion Behaviors
The main variable representing SRB activity is reduced sulfur in the form of sodium

sulfide nonahydrate, or Na2S – 9H2O (referred to as Na2S for the remainder of the paper for
simplicity when dealing with chemical reactions) which will act as hydrogen sulfide and should
also react with the acidic water to form hydrogen sulfide. The reaction that results in the
production of hydrogen sulfide in an acidic system is as follows:
𝑁𝑎2 𝑆 → 2𝑁𝑎+ + 𝑆 2−

(4.1)

The sulfur anion may then obtain a proton via two reaction pathways. The first way is
known as protonation and can be written as:
𝑆 2− + 𝐻 + → 𝑆𝐻 −

(4.2)

Another way occurs when the reduced sulfur ion reacts with the water it is dissolve in.
𝑆 2− + 𝐻2 𝑂 → 𝑆𝐻 − + 𝑂𝐻 −

(4.3)

In both cases, the SH- anion reacts with water molecules to produce the hydrogen sulfide
required to carry out the experiments. This phenomenon is described in the following reaction:
𝑆𝐻 − + 𝐻2 𝑂 → 𝐻2 𝑆 + 𝑂𝐻 −

(4.4)

Equations 1.5 and 1.6 are more likely to occur in a dilute solution and may result in an
increase in pH. Regardless of which reaction pathway is dominant in the system, the formation
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of hydrogen sulfide from sodium sulfide results in more basic conditions. The amount of
chloride ions in the solution, sourced from PbCl2, ZnCl2, and NaCl, help to bring the pH down to
a more acidic level during hydrolysis reactions found below that is more realistic in an MVT
groundwater setting.
𝑃𝑏𝐶𝑙2 + 𝐻2 𝑂 → 𝑃𝑏(𝑂𝐻)𝐶𝑙 + 𝐻𝐶𝑙

𝑍𝑛𝐶𝑙2 + 𝐻2 𝑂 → 𝑍𝑛(𝑂𝐻)𝐶𝑙 + 𝐻𝐶𝑙

(4.5)

(4.6)

It should be noted that thermochemical reduction of the sulfate present can occur at
temperatures as low as 100 °C, so that must be accounted for in high temperature experimental
runs. There will be 4,300 ppm of calcium sulfate added to 1S brines and 2,150 ppm to
subsequent brines to recreate the oxidized sulfur component of the brine composition.
A list of chemicals used to recreate the brine chemistry found in regional compositions in
North American MVT deposits is found above in Table 2. Dry ice was dissolved in the brine
using HCl to produce the desired levels of CO2 (aq) and CO2 (gas).
4.2.2

Carbonate Chemistry
Determining calcium carbonate’s role in the fluid pH can be complex and is outlined in

the equation below. Since dolomite is not as reactive as calcium carbonate, this was mainly done
to get an estimate of calcium and magnesium contents.
[𝐶𝑎𝐶𝑂3 ] + [𝐻2 𝑂] ↔ [𝐶𝑎+2 ] + [𝐶𝑂3−2 ] + [𝐻𝐶𝑂3− ] + [𝐻2 𝐶𝑂3 ] + [𝐶𝑂2 ]

(4.7)

To provide the correct amount of CO2 to the closed system, a simplified equation was
used. TCO2 is total CO2 species in solution.
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𝑇𝐶𝑂2 = 𝐻2 𝐶𝑂3 + 𝐻𝐶𝑂3− + 𝐶𝑂32− + 𝐶𝑂2 (𝑎𝑞) + 𝐶𝑂2 (𝑔𝑎𝑠)

(4.8)

Using Henry’s Law and the Van’t Hoff equation, the CO2 (aq) and CO2 (gas) can be
confirmed even with the brine density in the experiments. H(T) refers to Henry’s constant as
effected by temperature, while the H in -ΔsolH is related to enthalpy (Smith, 2007).
𝐻(𝑇) = 𝐻 𝑜 𝑒𝑥𝑝[(−𝛥𝑠𝑜𝑙𝐻/𝑅)((1/𝑇) − (1/𝑇 𝑜 )]

(4.9)

Once CO2 (aq) concentrations are calculated, the remainder of aqueous carbon dioxide will
undergo the following equations, which will be used to arrive at the desired concentration of
carbon dioxide in the solution.
𝐶𝑂2 + 𝐻2 𝑂 ↔ [𝐻2 𝐶𝑂3 ]/[𝐶𝑂2 ][𝐻2 𝑂] = 𝑘

(4.10)

The activity of water is equal to one, so water as a variable can be resolved immediately.
The k value for this equation is 1.3 * 10-3.
𝑘 = [𝐻2 𝐶𝑂3 ]/[𝐶𝑂2 ] = 1.3 ∗ 10−3

(4.11)

A 0.355 CO2 molality solution will react with H2O to produce <.0001 of H2CO3 and
leave .3499 mol/L CO2 in the aqueous phase. As the value of H2CO3 in the solution is so small, it
will be considered negligible. It should also be noted that the dolomite ending weight was
difficult to isolate and quantify due to new sulfide mineral growth, so carbonate ion and CO2
input from the dolomite was not considered. A complete description of experimental chemical
conditions can be found in Table 4.2 and 4.3.
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4.2.3

Chemical Modeling
To account for these variables, PHREEQC models were run prior to any experimentation

to determine crucial chemical parameters such as saturation indices and redox conditions of
sulfur. The preliminary data gathered from PHREEQC modeling can be seen in tables 4.4.
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Table 4.4

Data gathered from PHREEQC modeling

Fluid Conditions
pH
Activity of water
Ionic strength (mol/kgw)
Total alkalinity (eq/kg)
Total CO2 (mol/kg)
Temperature (oC)
Pressure (atm)
S(-2)/S(6) Redox Couples (Pe)
Galena Saturation Index
Sphalerite Saturation Index

Regional Brine (120 oC)
4.55
0.862
5.078
3.08 x 10-1
3.5 x 10-1
120
1.69
-1.7728
5.52
3.05

Regional Brine (70 oC)
4.55
0.86
5.202
2.171 x 10-1
3.5 x 10-1
70
-1.148
7.1
4.44

1S brine (70 oC)
4.55
0.864
4.981
1.987 x 10-1
3.5 x 10-1
70
-1.142
7.07
4.44

PHREEQC modeling allows for redox conditions as well as saturation indices to be calculated. Additional parameters such as alkalinity and pH are very
important for these precipitation reactions as well. The control compositions were run, and they include temperatures at 120 °C as well as 70 °C, 70 °C being the
primary temperature for the experimental runs. An important feature is the higher saturation index for galena when compared to sphalerite.
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4.3

Sample Analytics
Samples were prepared for analysis to determine mineral make-up, elemental

composition of specific precipitations, and to image and physically characterize new mineral
growths.
4.3.1

General Sample Preparation
In order to analyze the amount and type of sulfide minerals precipitated during the

experiments, a Rigaku Ultima III X-ray diffractometer (XRD) in the I2AT facility at MSU,
Perkin Elmer Avio 200 inductively coupled plasma – optical emission spectrometer (ICP-OES)
in the Plant and Soil Science Department of MSU, and Perkin Elmer SCIEX ELAN DRC II
inductively coupled plasma – mass spectrometer (ICP-MS) in the Hand Chemistry Lab at MSU
was used. XRD is a very efficient way to determine the type of minerals present, but it can be
difficult to get a sense for how much exactly is precipitated, while ICP-OES and MS can gather
elemental data in fluid samples. To prepare solid samples for XRD and fluid samples for ICPOES and MS, autoclaves (with the samples inside) were first removed from the oven to cool for
at least 4 hours. The autoclaves were then opened and had most of the remaining brine fluid
removed by a syringe, which was then placed in a clean vial for storage and subsequent analysis.
The removed fluids were first analyzed for pH conditions using a pH probe (Hannah
Instruments HI 98190) to ensure pH of 4.4 – 5.3 with a few outliers (Table 3.) The remaining
sample within the autoclave after this process was a small amount of brine fluid and the solid
precipitates with the dolomite crystals. These portions of the sample were run through a 0.22
nanometer nitrocellulose membrane filter, with the remaining fluids drained and vacuumed into a
glass container beneath, after which these remaining fluids were discarded. The solid sample was
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retained on the membrane filter and air dried overnight after being placed in a hard weighing tray
and covered with a weighing sheet. Following the reactions and drying period, the resulting
powdered and silt-sized precipitates were then scraped off into a vial to be run in the XRD
(Appendix A). Dolomite crystals with large quantities of precipitates were ground separately in a
mortar and pestle until uniformly fine grained, after which the dolomitic samples were run in the
XRD as well. This separation of dolomite and pure precipitates allows for the new minerals to be
more easily identified when the powdered precipitated material was run by itself, which in turn
provides a more realistic idea of what it may look like in a field sample when run with or without
the dolomitic substrate. Dolomite with precipitates was observed in SEM to determine the
genetic features more accurately in relation to the material the galena and sphalerite grows on.
4.3.2

X-Ray Diffractometry
For detailed preparation of samples for X-ray diffractometry, about 50 mg of sample

were ground in a mortar and pestle until the material was a fine silt size. When preparing the
dolomitic substrate, the dolomite was broken up into smaller pieces, and those with some
precipitation visible on the surface were chosen for analysis. After they were selected, the
dolomite was ground up and placed on a slide and ran in the Rigaku Ultima III XRD for 10
minutes between angles of 10 and 60 degrees. This resulted in analysis speeds of 12 seconds per
degree, which was enough for a general idea of the main mineral content in the sample. This is
vital in recreating a controlled realistic setting for sulfide mineralization.
After determining that the substrate used in the reactions were the intended compositions
(dolomite, (Ca,Mg)2CO3), the precipitates where then physically separated from the dolomite by
removing the large dolomite pieces and brushing the remaining precipitates into separate vials. A
visual inspection was made of the precipitates and dolomite before further processing. The
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precipitates were then prepared to be run in the XRD by crushing them slightly in a mortar and
pestle to reduce large grain sizes. In samples 1S, 2S, 4S, and 5S the precipitates were black in
color, and relatively fine-grained to begin with, so they did not require much grinding, but some
larger grains of amorphous sulfur were present. These were carefully ground up in order to
refrain from destroying the crystal structure of the finer grained material within the sample.
4.3.3

Inductively Coupled Plasma Analysis Techniques
To prepare for inductively coupled plasma optical emission spectrometry (ICP-OES),

zinc, lead, and sulfur standards must be prepared and tested before running any sample material
through the machine. The zinc, lead and sulfur standards used were obtained from High Purity
Standards and have an accuracy of ± 3 ng/mL for lead and zinc and ± 5 ng/mL for sulfur.
Originally, the zinc and lead standards are diluted in 2% HNO3 while sulfur standards are diluted
in H2O. 10 standards for zinc and lead were created, each ranging between the volumes of 0.1
ppb to 10 ppm. Sulfur standards ranged between 0.1 ppb to 10 ppm. After these standards were
run, a range of reliable accuracy was established for each element, and then experimental sample
material was diluted with 3% NHO3. This ensured that the results for each element were reliable,
and that the plasma torch was not negatively affected by the sample.
An analysis instrument calibrated to detect dissolved concentrations in the ppb – ppm
range accurately was required to quantify the elements within the remaining brines, so ICP-OES
was used. The composition of the remaining brine fluid was analyzed in order to act as a proxy
for the amount of metal components that were removed from the system by means of
precipitation or crystal growth.
To prepare samples for ICP-OES, fluid was removed from the autoclaves after the 14-day
reactions using a syringe as previously described. Small clear particulate matter floated at the
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surface of the remaining brine fluid, and black precipitates were present on the floor of the
autoclave and dolomitic substrate. As a result, special care was taken to ensure that the fluid
being extracted and analyzed in the ICP-OES was free of any particulate matter, as only the
dissolved ions were the subject of analysis. A syringe was placed in the autoclaves, taking care to
not disturb the solid components, and the brine fluid was extracted by hand. When using the 50
mL autoclaves, 25 mL of the brine fluid was extracted and when using 100 mL autoclaves, 50
mL of the brine fluid was extracted. This process allowed for a simple, repeatable fluid
extraction.
After these fluids were extracted, they were to be prepared for optical emission
spectrometry analysis by way of serial dilution. The serial dilutions produced fluids possessing
low enough concentrations for the ICP-OES to detect, as the original composition of the brine
fluid well exceeded the upper detection limit of most ICP-OES machines. To begin the process,
fluids were diluted to a 1:10 ratio for each serial dilution by using 10% brine fluid concentration
and 90% NHO3 solution (3% NHO3). The NHO3 was added to help digest any remaining solids,
as is common when using an ICP-OES where a nitric acid solution is often used as the blank.
Serial dilution was done four times in this manner so that the remaining solutions contained
concentrations of 10%, 1%, 0.1%, and 0.01% of the starting brine fluids. A blank as well as three
standards were run prior to sample analysis to account for and correct any error that may result
from the instrument’s calibration (Appendix B). Initially, 1% solutions were intended to be used
in ICP-OES analysis, but the high sodium and metal content interfered with the plasma in the
torch, which in turn affected the results. After this was noted and corrected for, only the solutions
containing 0.1% and 0.01% of the original solution were used for ICP-OES analysis. These
diluted samples were transferred into 10 mL vials so that the samples could be easily extracted
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by the autosampler. The autosampler was then prepared, and the solutions were analyzed from
lowest concentrations to highest in order to minimize any possible cross-contamination of
sample fluids.
4.3.4

Scanning Electron Microscopy and Energy Dispersive X-Ray Analysis
In order to observe the microtextures of initial mineralization resulting from the

hydrothermal synthesis experiments as well as elemental composition of precipitates, a Jeol 6500
scanning electron microscope (SEM) and EDX was used. This is useful in identifying the mode
of formation and structures that are created during the initial formation of MVT sulfide minerals.
Identifying these similar textures in the field will help in determining the source of sulfides and
finding economically viable amounts of biotically influenced MVT ores. Dolomite with sulfide
precipitation on its surface that is visible to the naked eye was prepared for SEM analysis. This
preparation involved placing the dolomite on carbon tape, which was mounted on a stub. The
stubs were then sputter coated with 15 micrometer thick platinum using a Quoram EMS 150T ES
Sputter Coater for subsequent imaging. Sample-bearing stubs were placed carefully in a sample
holder and inserted into the SEM for imaging and EDX work. All EDX work included sulfur,
zinc, lead, carbon, oxygen, and calcium element analysis if any or all elements were present.
4.3.5

Sulfur Isotope Analysis
Sulfur isotopes were analyzed in the Stable Isotope Laboratory at the University of

Tennessee - Knoxville. Starting sulfur components and galena precipitates from the experiments
were prepared by hand separating sulfides from the dolomitic substrate. The precipitates were
then dissolved in 3% nitric acid for 12 hours to chemically remove the dolomite. After
dissolution of dolomite, the fluids and sulfides were separated by a 0.22 nanometer nitrocellulose
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membrane filter and placed in vials. Sample vials were shipped to the lab to determine the sulfur
isotope fractionation that occurs during the inorganic formation of sulfide materials. At the
Stable Isotope Laboratory, galena was mixed with vanadium oxide prior to being combusted and
analyzed by a Costech Elemental Analyzer ECS4010.
All stable sulfur isotopes were analyzed by their δ34S Vienna Canyon Diablo Troilite
(δ34SVCDT) values. NaS2•9H2O and CaSO4•2H2O sulfur isotopes were compared to galena sulfur
isotopes, as the sodium sulfide was the contributor of sulfur to the sulfide minerals during
formation. One standard deviation for sulfur isotope values is 0.13‰, and two standards, NBS127 and IAEA-SO-6, were ran twice each as quality controls.
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CHAPTER V
RESULTS
5.1

Fluid Chemistry and ICP-OES
After experiments 1S and 2S were run, elemental analysis of the remaining brine fluids

was conducted in order to get a better understanding of the solubilities of lead, zinc and sulfur
species within the system. When considering the data gathered from the brine fluids using ICPOES, the sulfur concentrations must be disregarded. The performance checks failed when
reading the standard sulfur solutions, and subsequent readings were inconsistent as well. Zn
quality checks at 0.1 ppm, 1 ppm, and 10 ppm resulted in an error of 60.3%, 26.8%, and 4.6%,
respectively, Pb quality checks at 0.1 ppm, 1 ppm and 10 ppm resulted in an error of 2.8%, 3.9%,
and 0.6% respectively, and S quality checks at 0.1 ppm, 1 ppm, and 10 ppm resulted in an error
of 282%, 14.8%, and 2.4% respectively. As the measured fluids were in concentrations near 10
ppm or above, ICP-OES data is considered accurate for lead and zinc.
ICP-OES data (Table 5.1) in all samples depict a large change in chemical composition
from the starting brine fluid concentrations.
Table 5.1

ICP-OES results of fluids taken from 1S and 2S autoclaves
Sample ID
1C-2W-2
2C-2W-2
3B-2W-2

Zn (mg/L)
78.575
75.589
79.192
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Pb (mg/L)
19.667
16.856
14.807

Table 5.1 continued
Sample ID
3C-2W-2
4C-2W-2
6B-2W-2
1C-2W-3
2C-2W-3
3B-2W-3
3C-2W-3
4C-2W-3
6B-2W-3
1A-1W-2
3C-1W-2
4C-1W-2
1A-1W-3
3C-1W-3
4C-1W-3

Zn (mg/L)
70.437
73.882
76.568
8.282
8.222
8.337
7.538
7.751
8.031
131.962
136.711
140.661
14.684
15.083
15.272

Pb (mg/L)
11.289
12.178
14.181
2.094
1.846
1.566
1.199
1.271
1.514
31.344
32.527
30.245
3.461
3.56
3.289

ICP-OES data of remaining fluid after the 14day reaction periods ended. This data helps display the remaining
amount of sulfur, lead, and zinc after mineral formation has occurred. 1W corresponds to water samples retrieved
from 1S samples, while 2W corresponds to water samples retrieved from 2S samples. Of the two metal ions, lead is
preferentially removed from the system. Sulfur is highlighted in red due to it failing the quality checks prior to
sample analysis, so results may be inaccurate.

In all reactions a larger amount of lead was removed from the solution, due to
precipitation of galena, followed by minor sphalerite precipitation. In 1S and 1W samples there
was an 81.5% decrease in fluid lead content, while in 2S and 2W samples there was an 84.1%
decrease in fluid lead content. There was very little zinc lost from the fluids during the reaction
and following retrieval of the 2S and 2W samples (35.4% fluid zinc decrease), with more zinc
removed from the 1S and 1W samples (39.6% fluid zinc decrease). This backs up the SEM
images and information gathered in EDX. In order to specify which minerals were precipitated
from solution and elemental concentrations, XRD and SEM imaging along with EDX was
conducted.
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5.2

Precipitate Mineralogy and XRD Results
A table of all precipitates and their relative abundances is listed in Table 5.2,

differentiated by the starting brine compositions. Precipitates were separated from the dolomite
and can be found in Table 5.2. The precipitates were separated from the dolomite because the
dolomitic substrate containing surficial sulfide precipitation did not display any precipitates other
than dolomite in XRD, likely due to the detection limitations of the device.

56

Table 5.2

Table of mineral precipitates
SAMPLE #
MINERAL
Galena
Sphalerite
Kieserite
Gypsum
Magnesite
Amorphous Sulfur (y)
Amorphous Sulfur (a)
Rosickyite
Other sulfur phases*
Dolomite

1S

2S

3S

4S

5S

6S

54.30%
13%
15.80%
16.90%
-

46.40%
51.20%
2.40%
-

14.40%
10.50%
8.30%
45.70%
21.10%
-

10.20%
10.90%
78.90%

36.50%
63.50%
-

50.10%
9.10%
34.10%
6.70%
-

Table of precipitates from the experiments. Similar precipitation behaviors can be seen in 1S and 2S, with galena also being a precipitate in 4S and 5S. *Other
sulfur phases refers to amorphous sulfur that are not specified by the XRD.
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The dolomitic substrate that was run in XRD, and the results indicate that the substrate
used in the batch reactions was extremely pure dolomite, over 99% (Appendix. C). Larger,
translucent grains were present in the precipitates, prior to grinding in the mortar and pestle.
Potential mineralogy of these grains is likely rosickyite, determined by XRD, which is a sulfur
mineral. Small quantities of cerussite have also formed and have been identified in small
quantities in XRD and EDX. Samples from 2S solutions displayed a relatively higher amount of
cerussite when compared to other compositions, as seen in the SEM imagery (Fig. 5.1).
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Figure 5.1

SEM image of 2S precipitates

2S displays the many precipitates that formed in the 14-day reaction period at 70 oC. Galena, cerussite, and
amorphous sulfur were the majority of new solids formed. Cubic formations are galena, the flatter materials are
cerussite, while the spherical blobs are amorphous sulfur deposits.

The regional brine and 1S compositions were used as controls. They were both run at 120
°C to allow thermochemical reduction of sulfates. Solution 2S was then run at 70 °C to
determine the temperature effect on precipitation. 2S also had increased sulfides, but reduced
amounts of the other chemical components to allow for less nucleation sites, and therefore larger
crystallization.
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5.2.1

Regional Brine, 1S, and 2S XRD Results
The regional brine and 1S compositions were used as controls. They were both run at 120

°C to allow thermochemical reduction of sulfates. Solution composition 2S was then run at 70 °C
to determine the temperature effect on precipitation. 2S also had increased precipitation of
sulfides, but reduced amounts of the other chemical components to allow for fewer nucleation
sites, and therefore larger crystallization.
The regional brine composition was used for 4A-1S and 3A-1S, while the simplified
version was used for the remaining 1S control experiments. X-ray diffraction analyzed the solids
retrieved from the solutions that were tested and showed that for most experiments conducted,
sphalerite (zinc sulfide) was not present in solid phase, yet galena (lead sulfide) was present in
solid phase (Fig. 5.2). The sample produced from the regional brine composition displayed a
large amount of material that was flakey under SEM (Fig. 5.3), and black when viewed by the
naked eye. This is thought to be an extremely microcrystalline form of galena and may be a
crystalline proto galena or a product of the system trying to reach equilibrium when the brine is
first created. These products are less likely to form in a natural MVT setting where fluid flow
and ion transport is controlled by groundwater advection and hydraulic conductivity of the
subsurface rock. The permeability of adjacent lithologic units and of the dolomite, as well as
advection will normally play a role in controlling the delivery of ions to the dolomite for
mineralization to occur. Temporally the ions will not arrive instantaneously as they do in these
laboratory settings.
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Figure 5.2

XRD results for 3C-1S

In sample 3C-1S, the composition was the base composition found in regional MVT fluid inclusions. This was
therefore the most realistic of what may occur in a natural setting. The galena was allowed to precipitate from
solution, as well as many amorphous sulfur species. These native element sulfur minerals, rockyisite and alpha
sulfur species, both occur at high temperatures (typically 150 °C). This brine was run at 120 °C, and the high
amount of sulfur may have forced their formation. Sphalerite was not seen, and this may be due to the reduced sulfur
being consumed by the lead, or because the zinc chloride did not dissolve entirely into the solution. Typically zinc
chloride has an extremely high solubility in water, so the latter reason is likely not the case. Sulfur solubility instead
may have contributed as well.
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Figure 5.3

SEM of regional brine precipitates

Larger crystals are not thought to be galena. Small crystals form due to the high activity in the very concentrated
brine, allowing for many nucleation sites to form, thus very underdeveloped microcrystals of sulfides and galena are
present.

To promote possible precipitation of sphalerite crystals, increased amounts of
Na2S•9H2O were added to 2S and 2W batch reactions. This was to provide enough reduced
sulfide (S2-) to the dissolved zinc to form sphalerite after galena reached equilibrium with the
brine. It should be noted that a significant increase in metal sulfide precipitation was not seen
when adding increased amounts of sodium sulfide nonahydrate to the system, and measurements
by ICP-OES did not indicate a relative decrease in zinc and lead content in the remaining brine
fluid content when compared to 1S brines. Results indicate 82% Pb and 40% Zn precipitated
from 1S solutions, while 84% Pb and 35% Zn precipitated from 2S solutions. The solid
precipitates resulting from 2S runs consisted mainly of galena, cesurrite, rockyisite, amorphous
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sulfur species, and minor anglesite. XRD patterns of 2S precipitates (Fig. 5.4) display the peaks
associated with these materials and their crystal structures, and a stark lack of sphalerite can be
noted.

Figure 5.4

1C-2S XRD spectrum

This XRD data was gathered from 1C-2S. This sample was prepared with a halved concentration, but 5 times the
amount of normal sulfides. The batch reaction was run at 70 °C. Many sulfur species similar to 3C-1S were found in
the precipitates. These include rosickyite and other amorphous sulfurs. Among those precipitates was a high
concentration of galena (46.4% by weight). This run indicates that in the presence of sulfate reducing bacteria, it is
possible to grow galena at low temperature settings. No sphalerite was precipitated, which indicates that the zinc
must be in slightly higher concentrations, or another ion such as methane must be present, in order to precipitate.
Methane is likely sourced from biotic means.

5.2.2

3S XRD Results
XRD analysis showed that galena only formed in the samples whose starting brine

compositions included reduced sulfide. XRD determined that galena and sphalerite are both
absent, yet kieserite, magnesite, and gypsum is present in 70 °C solutions containing no initial
Na2S•9H2O (Fig. 5.5).
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Figure 5.5

XRD results of 3S precipitates

Lack of sodium sulfide in the initial brine solution results in no sulfide precipitation, although elemental sulfur is
still present. The sulfate likely was unable to reduce in the low temperature conditions without the presence of
bacterial sulfur reducers. Sulfates formed here that were not present in other samples, including kieserite and
gypsum. Both the magnesium and calcium ions required for kieserite and gypsum, respectively, were acquired from
the dissolution of the dolomitic substrate present within the autoclave. Small amounts of magnesite are present, and
this is thought to be due to dissolution of dolomite as well. The presence of magnesium carbonates and aqueous
sulfates indicates a very oxidized setting, so it is clear thermochemical reduction cannot occur at these conditions. In
order for notable galena and sphalerite formation at lower temperatures, a biological input of hydrogen sulfur is
required.

Sulfates form due to the lack of reduced sulfur, and magnesium from the dolomite
allowed the formation of other minerals such as magnesite and kieserite. Many of the octagonal
crystals present display a void space in the center of the grain, which may indicate a paragenetic
sequence in which the octagonal crystal began growing on a pre-existing grain. The grain the
crystal was growing on then dissolved as the solution continued to equilibrate. These void spaces
may be artifacts of the brine creation method and the quick change in chemistry and are likely to
not occur in a natural setting in which chemistry changes take longer periods of time. This may
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be an explanation for the octagonal crystals, as dispersive x-ray revealed a composition high in
sulfur and lead when analyzing these unusual crystals.
5.2.3

4S XRD Results
Solutions with 4S composition were comprised of half the starting ion concentrations

when compared to 1S, with all other factors held constant. These samples produced very clean
precipitates of mainly three minerals, dolomite, galena, and y-species sulfur, as outlined by XRD
analysis (Fig. 5.6).

Figure 5.6

XRD data from sample 1B-4S

1B-4S contains a notable decrease in galena content as compared to the 1S and 2S chemical compositions. In this
reaction, all components were halved when compared to the standard regional brine concentrations. This was to
allow for larger individual crystal growth by reducing nucleation sites. In comparison to all 3S experiments, 4S runs
still contained reduced sulfur. It can be noted by the lack of galena in the 3S experiments that thermochemical
reduction will not likely occur at these temperatures naturally. At the halved concentrations, dolomite was more
easily chemically weathered and broke into smaller pieces, which were picked up by the dolomite.

A notable difference in these XRD results is the relatively large abundance of dolomite.
Since dolomite was placed in the autoclaves as a single massive crystal, these smaller dolomite
crystals found in XRD are not thought to be from precipitation, but rather from chemical
weathering and dissolution of the substrate.
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5.2.4

5S XRD Results
Hydrothermal reactions using compositions of 5S helped narrow down the galena’s

growth without the presence of competing metal ions, in this case zinc was completely excluded
from the brines. When zinc is removed from the system, less sulfosalt microcrystals and
powdered material is visible in thin section, though hand samples appear to have similar
precipitates to 4S experiments. Clean cubic and tabulate galena was precipitated as imaged by
SEM (Fig. 5.7 A).
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Figure 5.7

SEM and XRD data gathered from 3C-5S

A) 3C-5S. Clean precipitation of cubic galena with faceted crystal faces. Rod-shaped sulfur species is also present in
relatively high abundance. B) XRD results in 3C-5S. Sulfur species is indicative of a higher temperature setting. The
removal of zinc may cause destabilization of dolomite, as outlined in Vandegestine, et al., 2018, and as such may
increase the carbonate alkalinity in the solution. This may result in smaller galena peaks as some sulfide may oxidize
into sulfate prior to formation of galena. Increased oxidation may have an additive effect on the reactions during the
quenching process. Cerussite was picked up infrequently by the XRD in this sample, but was never within a reliable
quantity (typically less than 1 weight percent) or precision. Cerussite appears to be present in very minor quantities
in 5S SEM images.
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XRD displays a very high amount of dolomite and galena within the samples, and very
little other materials.
5.2.5

6S XRD Results
No lead was introduced to 6S experimental runs. This changes the kinematic behaviors in

the solution and is evidenced by sphalerite precipitation imaged in SEM and detected in XRD,
shown in Fig. 5.8.

Figure 5.8

XRD results of 2C-6S

When lead was removed from the system, sphalerite could grow. In SEM and EDS analysis, sphalerite appears as
small crystals, indicating a slow growth rate, yet high amount of nucleation. The zinc helped the dolomite be stable,
and the lower pH may have attributed to the diverse sulfur species found in the precipitates. Two conclusions may
be drawn when observing the lack of sphalerite in all lead-bearing synthesis reactions. (1) Slower growth rate of
sphalerite may dictate the cyclicity of MVT deposition. This would require lead be absent within a system before
sphalerite can begin to grow due to kinetic barriers. (2) A large enough concentration of zinc must build up until its
incorporation into sphalerite crystals exceeds the “buffering capacity” and growth rate of galena within the system.
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5.3
5.3.1
5.3.1.1

SEM and EDX Data
Regional Brine, 1S, and 2S SEM and EDX Data
SEM for Regional Brine, 1S, and 2S Precipitates
Crystal growth styles, locations and relative abundance of new mineralization, and micro-

scale crystal formation features were observed by using an SEM. These images provide us with
the knowledge of how MVT lead and zinc sulfides tend to begin crystallizing and precipitating
as well as help us visualize the reactions that occur. Among cubic galena in reduced sulfide
(Na2•9H2O) bearing compositions are needle like crystals, tabulate crystals, and octagonal
crystals. A catalogue of SEM photos may be found in Appendix C.
Images taken of galena synthesized during experimentation display many different
physical and crystallographic features depending on the chemical composition of starting brine,
acidity and temperature of runs. For samples 1S, 2S, 4S, and 5S microcrystalline powder can be
seen covering most of the dolomite and galena (Appendix A), and when dispersive x-ray analysis
was done, most of this material yielded mainly lead sulfides, lead carbonates, minor zinc
sulfides, characterized by high levels of Cl and S throughout. This microcrystalline powdered
material is prevalent throughout all stages of mineral formation and based on SEM is comprised
of a few major components; galena and even smaller sulfur and chlorine species as well as scarce
zinc precipitates. Galena often displays hexagonal or octagonal voids indicative of paragenetic
sequence (Fig 5.9) and can be found in many natural galena deposits (Keim and Markl, 2015).
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Figure 5.9

SEM image of 2S precipitates

Samples using standard brine elemental ratios at half concentrations. Closer scale imaging of the galena displays
distinctive cubic cleavage as well as twinning. Galena can be seen growing into the dolomitic substrate. An
unknown powder-like material coats the dolomite. The top left galena crystal shows a void where the galena
precipitated around another mineral, which may have dissolved during the sulfide mineral growth, indicative of a
multi-phase precipitation style. The left image shows at higher magnification the striations that occur during fast
galena growth. The right image shows porous features infilled with sulfur during the concomitant sulfur deposition
as galena grows in these brine conditions

During SEM analysis of the dolomite with new mineral precipitation, prior to growth
experiments, galena was found to be present in large quantities. The 1S and 1W samples
contained a brine composition mirroring in situ fluid inclusions in MVT deposits and resulted in
a large number of nucleation sites. This large quantity of nucleation sites and the speed at which
new nucleation sites formed caused the galena grown during these runs to be extremely small,
and even in SEM often appears as a powdered material with amorphous qualities or crystals too
small for identification using the SEM. Fast galena growth and dissolution reactions can create
anisotropic galena crystals resembling a radial set of needles or “whiskers” (Bonev, 1993), while
it may also be possible this flowering fissile crystal may be a zinc mineral that began to form,
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which may be hydrozincite. XRD analyses point to the fact that they are in fact galena, but the
small concentration of these minerals may simply be far outweighed by the galena in solid phase.
5.3.1.2

EDX Data for Regional Brine, 1S, and 2S Precipitates
Two extremely high magnification images of the galena crystals in 2S samples were

taken, and these depict a straight and repetitive set of striations on many of the crystals as seen in
Fig 5.9. This may be due to the speed at which the crystals grew, and the high levels of sodium
and chlorine in the brine may substitute into the PbS crystal structure of galena. In 2S samples,
cerussite is found in relative abundance, and can be found near underneath some galena crystals,
shown in SEM imagery and the EDX data reaffirm this mineralogy (Fig. 5.10).

Figure 5.10

EDX information from a point spectrum on the cerussite crystals

EDX data gathered from 2S samples, which confirms elemental compositions. Pictured are galena, cerussite, and
amorphous sulfur species. EDX data focuses on cerussite, as it is uniquely found in abundance in 2S precipitates.
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It is likely that increased levels of acidity from the elevated Na2S dissolves the dolomitic
substrate, introducing carbonate ions which may then bond with lead to produce cerussite. An
elevated weight of starting dry ice may also be the culprit, as CO2 concentration and carbonate
speciation plays a major role in dolomite/limestone hosted fluid chemistry.
When brine compositions were halved and sodium sulfide was increased (2S samples),
the sulfides could grow more slowly, and cubic galena formation took place. When galena
formed in large crystals and quantities, no sphalerite forms. This may point to the process that
governs the bursts of sulfide mineral formation in MVT deposits. While many have argued that
the sphalerite and galena have different fluid sources (Ohle, 1980; Anderson and Macqueen,
1982; Sverjensky, 1986), it may be a result of kinetics, and the galena is favored to form at these
conditions as evidenced by saturation indices, XRD results, and SEM imaging. Once enough
galena has been formed and zinc/lead ratios are closer to 50/1, the zinc will then begin to form
with hydrogen sulfide to create sphalerite. This can also be facilitated by an influx of zinc-rich
fluid.
5.3.2

3S SEM and EDX
Uniquely found in these tests are the mineral leadhillite, determined by EDX and SEM, a

lead sulfate hydroxide that is relatively uncommon. It is likely that the oxidized conditions
provided by the sulfates lead to this reaction, so in the presence of reduced sulfur species these
tabulate minerals are much less common. EDX work (Fig. 5.11) reinforces the likelihood of
leadhillite being the tabulate mineral found in 3S samples. The tabulate and octagonal crystals
are found in samples containing reduced sulfide as well as the samples containing only sulfates.
These octagonal crystals were thought to be anglesite, which is a lead sulfate mineral which may
often display octagonal crystals and faceted crystal faces.
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Figure 5.11

EDX of sample 5B-3S

EDX and SEM results indicate a likely composition of leadhillite or other complex lead sulfate-carbonate, and even
shows the characteristic twinning and pseudohexagonal crystal shapes in some crystals.

The microscopic crystal morphology shows twinned tabulate features as well, some of
which can be seen macroscopically. (Figure 5.12). Although not the purpose of this study, not
much is known of leadhillite or its genetic history. Recreating oxidized, sulfate rich
hydrothermal reactions may provide more insight into the settings required for geologically or
economically significant deposits of leadhillite to form.
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Figure 5.12

SEM image of 3S precipitates

Octagonal crystals growing on amorphous material which forms a chemically distinct rim between the new crystal
growth and dolomitic substrate.

5.3.3

4S SEM and EDX
The compositions in 4S may be indicative of a brine capable of both dissolving the

bedrock and simultaneously precipitating galena, which may point to penecontemporaneous ore
formation and dissolution brecciation at lower sulfide and metal ion brine concentrations, as well
as dissolution of dolomite followed by subsequent sulfide formation. Absence of zinc may
exacerbate this dissolution effect. The y-sulfur is important due to it being a low temperature
form of sulfur and may be indicative of MVT deposits within temperature zones of less than 100
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°

C and biologic hydrogen sulfide input. EDX shows that many of the cubic and octagonal

crystals that are imaged in SEM are in fact galena, due to the high Pb and S levels in those
specific crystals.
Sphalerite was not detected in SEM, EDX (Fig. 5.13), or XRD.

Figure 5.13

SEM and EDX of 3B-4S

SEM image of 3B-4S shows cubic galena crystals, along with a large rectangular prism shaped void in two grains;
this void is present in many grains not imaged and helps describe a paragenetic sequence during precipitation.
Galena may begin to form after a previous set of minerals forms, and as equilibration occurs the original minerals
may dissolve. EDX reveals a high lead and sulfur content, indicative of galena.

This absence can be explained by the disproportionately high ratio of Zn/Pb typically
required to form sphalerite preferentially to galena, and these studies reinforce that a massive
input of zinc is required in order for sphalerite to form in the presence of lead. This may be
facilitated in natural settings by the commonly high amount of zinc that is leached from
sediments, or by the consumption of lead within an ore-forming brine during galena
mineralization. Overall similar to precipitates from solution 2S, with less dolomite dissolution,
precipitates from solution 4S contained larger individual galena crystals and fewer cerussite
crystals when compared to 2S samples.
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5.3.4

5S SEM and EDX
Elemental composition of the cubes and tabulate minerals was determined by EDX (Fig.

14) and shows high lead and sulfur, with some Mg, Ca, and O, likely from dissolved and
reprecipitated microscopic dolomite components (Fig. 5.7 B). Small amounts of leadhillite
formed, it is believed that these minerals formed after the hydrogen sulfide was removed from
the system via metal sulfide mineralization. This would leave behind excess lead, sulfates, and
dissolved constituents from dolomite.

Figure 5.14

SEM and EDX of 4C-5S

High elemental concentrations of lead and sulfur are found in these mineral precipitations.
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5.3.5

6S SEM and EDX Data
Compositions in 6S experiments utilized a composition lacking any lead, so that zinc can

form with sulfides with no competition from lead metal ions in solution. This allowed the
precipitation of many small sphalerite crystals, even some microcrystalline forms. The SEM
imagery of 6S notes two main forms of sphalerite precipitated in this manner. One of the forms is
an amalgamation of an almost amorphous zinc sulfide, while the other displays hextetrahedral
crystal habits, creating 10-20 micrometer “arrowhead” shaped crystals. Crystals of sphalerite that
mineralize in this fashion develop a shape similar in appearance to dogtooth calcite. Both forms
may be seen in SEM image Fig. 5.15. The dolomite has a tetrahedral form only in the high zinc
brines with no lead. Using this dolomitic texture, economic zinc deposits may be more easily
distinguished.
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Figure 5.15

SEM image of 1C-6S

SEM shows small growths of sphalerite in the center of the image, as well as a unique tetrahedral geometry
displayed on the dolomitic substrate. This tetrahedral dolomite may be indicative of a high zinc, and therefore high
sphalerite, zone in MVT deposits and may be used when looking for economic zinc deposits.

5.4

Sulfur Isotopes
Sulfur isotope data was gathered to understand if sulfide mineral deposits showing low

amounts of heavy sulfur may be attributed to biogenic sources of sulfides. Based on table 5.3, it
can be noted that a lower δ34S value may not always be attributable to biogenically derived
hydrogen sulfur. While most of the sulfur isotope values of the precipitated galena δ34S values
are similar to the starting material, 1S and 4S samples show a large decrease in heavy sulfur.
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1S contains the lowest δ34SVCDT values, and the starting composition of 1S samples also
contained the most sulfates. The very low values may be attributable to the low δ34S found in the
CaSO4 • 2H2O used in the experiments. Both 1S and 4S included larger amounts of lead and
therefore these samples are likely purer galena than the other samples submitted.
In terms of isotopic fractionation, δ34S remained similar to the sodium sulfide values that
the sulfide minerals utilized. However, 4S and 5S galena shows δ34S values above either of the
starting sulfur compounds. This indicates a mechanism that allows for heavier isotopes to be
mineralized in sulfide deposits. It should be noted that the precipitates were prepared by
dissolving the dolomite in nitric acid, but residual amorphous sulfur may be present in the
samples submitted and analyzed by the UTK labs.
Table 5.3

Sulfur Isotope Data
Sample Composition

δ34Svcdt

1 - 1S Galena

5.941

2 - 1S Galena

10.388

3 - 2S Galena

18.524

4 - 2S Galena

18.328

5 - 4S Galena

19.537

6 - 4S Galena

11.756

7 - 5S Galena

20.12

1 - Na2S-9H2O

18.66

2 - Na2S-9H2O

18.44

1 - CaSO4-2H2O

0.594

2 - CaSO4-2H2O

0.545

δ34SVCDT data. The general trend was a stable level of 34 sulfur being maintained, with 3 galena precipitates showing
a large decrease in heavy sulfur (34S)
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5.5
5.5.1

Summary of Results
Summary of Regional Brine, 1S, and 2S Results
Zinc chloride is extremely soluble in water, and so the activity of the zinc ions in solution

should not be what is causing the chemical pathway interference. The Eh therefore may be too
high in the solution, which may cause zinc to remain soluble in the solution. Galena has a wider
range of acceptable Eh values in which it may precipitate, so that is what commonly precipitated.
Surprisingly, the amount of galena in the 2S and 2W reactions using elevated reduced sulfide did
not change much relative to the 1S and 1W reactions. Solutions 2S and 2W used ten times more
reduced sulfides than were used in 1S and 1W, yet remaining lead concentrations in both
solutions prior to experimentation show no clear difference. It appears to be due to the kinetics of
the reactions, but the galena found in 1S include radial needles in SEM which indicate fast
growth, similar to the small accumulations/clusters of galena crystals seen in Fig. 5.3, but also
cubic crystals which can be found in Appendix C. Galena therefore must reach equilibrium
before the 14-day reactions end, and the increase in sulfide will not drive further galena
precipitation without an increase in lead as well. This may be a factor with the zinc as well, and
elevated levels of zinc may be required to produce sphalerite.
5.5.2

Summary of 3S Results
When no Na2S was introduced into the system at 70 °C, and the only source of sulfur was

SO4 ions, no galena or sphalerite precipitated. Instead, an increased number of octagonal crystals
with three faceted sides grew in their place. The morphology of these crystals is quite different
from the precipitated galena. The octagonal crystals displayed an incredibly smooth surface,
aside from cubic holes at the center. Dissolution features like these are common and provide
information about the paragenesis of these conditions. It may have been that small crystals of
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galena formed in early stages due to the low pH of the system which may cause free hydrogen
atoms to bond to the sulfur in sulfate ions, potentially producing a minor amount of hydrogen
sulfide. This is very minor, and would only create a very small galena crystal, which will usually
be temporary but can last long enough to act as a nucleation site for the more stable minerals to
form on as the system equilibrates and the sulfates become the predominant form of sulfur in
solution.
This experiment has conclusively determined that thermochemical reduction of sulfur
does not occur in MVT deposits as low as 70 °C, and that in situ biotic sulfur reduction must
occur in order for significant formation of sphalerite and galena; or a sulfide rich fluid containing
no metals must mix with metal rich fluids at the site of formation. The latter hypothesis proves
problematic in many situations as hydrogen sulfide rich fluids will easily leach zinc, and
sometimes lead, ions from sedimentary minerals such as muscovite, potassium feldspar, and
quartz, quickly forming metal sulfide minerals and precipitating from solution.
5.5.3

6S Summary of Results
This test was one of the most crucial in answering question #3 outlined by Ohle, 1980,

determining what chemical and biogeochemical reactions occur to result in precipitation and
formation of lead and zinc sulfide ore deposits, because it allowed significant sphalerite growth
when compared to previous experiments. XRD results show that 6S has a significant amount of
sphalerite present in the precipitates. It is interesting to note that galena mineralization far
outweighs sphalerite mineralization when both zinc and lead are present in solution. However,
when zinc is removed from the system prior to the reactions, galena precipitates in lower relative
abundance (36.5% total precipitates) than sphalerite (50.1% total precipitates) when lead is
removed from the system (Fig. 5.8).
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This has temporal implications for the reaction series that occurs to create chemical
zoned deposits. It is likely that many MVT deposits deposit most galena, thus using the lead in
solution, before beginning to mineralize sphalerite.
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CHAPTER VI
DISCUSSION
6.1

Biologic Role
It is important to understand whether or not bacteria played a large role in deposition

because it reveals the range of depths MVT style deposits may occur in, as well as the
environment they may be produced in. Based on the results of these experiments, it is expected
that biologic activity promotes sphalerite and galena deposition at lower temperatures. The
addition or inclusion of sodium sulfide allowed lead and zinc sulfide precipitation to take place
within the 14-day reaction period. As such, the addition of hydrogen sulfide in low temperature
settings will cause quicker deposition to occur than the introduction of sulfate reducing bacteria,
as their biological processes may take some time to contribute a significant amount of hydrogen
sulfide and methane to the brine. This can occur with a biological source of H2S when an
overlying sedimentary unit produces biogenic H2S and dissolves in the water which later flows
downward into the carbonate units below. Many previous field studies believe conditions to be
anoxic, placed at around 1 km of depth (Leach and Rowan, 1986; Sverjensky, 1986). It is known
that sulfate reducing bacteria are prevalent at these depths. Results from experiments indicate
that only a small amount of reduced sulfide is required to form galena and sphalerite deposits.
This results in a slow, steady supply of biogenically delivered hydrogen sulfide producing MVT
deposition at shallow depths.
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6.2

Sulfur Isotopes
Abiogenic sulfide formation shows that galena may form with as low of a δ34SVCDT value

as 5.94‰. Deposits with terrestrial fluid sources that have as low of a δ34SVCDT value at levels of
-25‰ to 2‰ are likely to have mechanisms such as biologic activity or dissolution and reprecipitation driving isotopes to such a low value (Zhou et al., 2018; Liu et al., 2020). At higher
temperature, it is likely that the isotope value is related to abiogenic causes, while at low
temperatures it is likely that SRB activity or dissolution and re-precipitation drives a decrease in
isotopic values. MVT deposits with marine fluid inputs tend to have low δ34SVCDT values and so
that must be determined before concluding SRB or re-precipitation as a mechanism.
The overall fluid source plays a role in sulfur isotope values, but SRB activity and
mineral precipitations and dissolution can change the sulfur isotopes as well. Isotopic data
gathered from this research is compared to other North American MVT deposits (Shanks, 2013)
in Figure 6.1. The experimentally derived sulfide minerals contain sulfur isotopes in similar
ranges as Old Lead Belt and Viburnum Trend MVT deposits. Based on this research, δ34SVCDT
values of sulfide minerals very closely reflects the δ34SVCDT value of the fluid composition and
reduced sulfide component used in mineral formation. This makes sulfide mineral stable isotope
studies very accurate in determining the fluid conditions which led to deposition.
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Figure 6.1

δ34SVCDT values from four North American MVT deposits and sulfides from
laboratory experiments.

Experimental results and their sulfur isotope values compared with MVT deposit sulfur isotope data. Lab results fall
within Old Lead Belt and Viburnum Trend values. Modified from Shanks, 2013.
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6.2.1

Temperature Dependency Involving SRB
At temperatures of 70 ±5 °C, sulfate does not reduce to sulfide via thermochemical

reduction, which was shown by 3S results. This is important to note, as many fluid inclusions
gathered from MVT galena and sphalerite determine a temperature of formation within that
range (Leach and Rowan, 1986; Wilkinson, 2001). Reduced sulfide therefore must be introduced
from sources external to the zone of formation or delivered by SRB. Although hydrothermal
fluids and thermochemical reduction play a large role in the formation of MVT deposits at 100
°

C or greater, it is unlikely that an upwelling of hot fluids containing reduced sulfur is the

proponent of MVT deposits below those temperatures. In order for that to occur, reduced sulfur
would need to be introduced into the system, and form galena and sphalerite after it has cooled
down to 80 °C. While not an outlandish claim, it would be kinetically favorable for the galena
and sphalerite to form before the decrease in temperature.
6.3

pH Effects
Observations of pH were conducted through SEM, probe pH analysis, and subsequent

mineral formations. When using the full regional brine composition at 120 °C, the dolomitic
substrate experienced significant chemical weathering in the form of pits and dissolution cracks.
Under SEM, these pits and cracks appear to be roughly geometric and rhombohedral in its
displayed geometry. This agrees with the planar weaknesses found in dolomite’s crystal
structure. The pH and alkalinity were raised following experimentation using these full brine
compositions, thought to be primarily due to the dolomite dissolution. This relationship may
account for periodic bursts of MVT precipitation as well, as the dolomite continues to release Ca,
Mg, and CO3 into the solution, the alkalinity will increase. In turn, the solution will be buffered
and pH should increase, promoting the deposition of galena and sphalerite. This explains why
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MVT deposits are not as common in limestone substrates, as calcite is more likely to flood the
system with CaCO3 if the system becomes acidic in comparison to the relatively stable dolomite;
calcite having a Ksp of 3.36 ∗ 10-9 and dolomite a Ksp of -17.27 at 25 °C (Robertson, et al., 2021).
A high level of alkalinity and consistent pH is important to the successful formation of
MVT deposits as noted by the common appearance of certain pH dependent minerals. Certain
mineralization in MVT deposition (marcasite especially) require a very specific level of pH, and
MVT ores appear to maintain very consistent pH levels during deposition (Leach, et al., 2010).
In many cases brines which form MVT sulfide minerals are not necessarily high in alkalinity but
happen to fall under these pH levels at certain periods in time and these periods are when
mineralization occurs in bursts. The results of these laboratory experiments show that the steady
pH is a result of mineral precipitation paired with interaction of the carbonate host rock. SEM
images indicate that precipitation of sulfides occur contemporaneously with dissolution of host
rock. Higher temperatures and higher concentrations of CO2 yield more dissolution of the
dolomitic substrate and result in the formation of magnesium and calcium bearing minerals.
6.4

Kinematics and Cyclicity
The galena grown in the halved regional brine concentrations and elevated sulfide (those

of the 2S brine compositions) also displayed striation like crystal habits, possibly due to
differential growth rates and underlying defects in the crystal structures. These defects may
develop due to the fast overall rate of the precipitation and mineral formation reactions as well as
the relative abundance of ions and particulates in solution. Another result of the elevated growth
rate are the sites of crystal twinning, which is frequently displayed within the synthetic galena.
These features may be overprinted by future chemical events, dissolution and reprecipitation.
Relics of these growth features may be detected, and if so, may be indicative of the quick growth
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rates related to cyclical mineral development found in MVT deposits. Notable geometric voids
are present within some of the galena that precipitated, and the shape appears hexagonal or
octagonal (Fig. 5.9). This may allude to a two-step or multiphase process, in which certain
minerals initially form and redissolve as the brine matures, this process has been described by
Keim and Markl, 2015. Of less importance, the whole regional brine composition, which
included iron, precipitated what appears to be miniscule amounts of framboidal pyrite.
An alternative to kinematically driven cyclicity during mineralization are fluid mixing
events, which could be caused by the interaction of a hot fluid containing H2S mixing with a
colder fluid containing Pb and Zn ions (Sverjensky, 1986). The H2S rich fluid would be required
to be the hotter of the two fluids in the case of thermochemically reduced sulfur, which may be
likely especially if the fluid flows upward into the brecciated dolomite. A much simpler
mechanism in a temperature range between 70-80 °C would involve the presence of sulfate
reducing bacteria. In this temperature range, many thermophilic bacteria thrive, and have been
known to reduce large quantities of sulfate given enough time. A proposed process is that as the
dolomitic host rock dissolves, cooler fluids containing SRB from overlaying strata seeps
downward as fluid pathways are created and the dolomite brecciates. This process is even more
likely for galena deposits, where lead concentration required for mineral formation is very small
when compared to sphalerite’s requirement for high ratios of zinc ions to form.
6.4.1

Fluid Mixing and Bursts of Mineralization
The burst like appearance of MVT minerals in veins and within dolomitic cavities

(Wilkinson, 2001) is caused by an influx of metal cations and/or reduced sulfides. This thesis
attempts to determine what geochemical parameters lead to the bursts and zonation of galena and
sphalerite, but many questions still remain and require field work or laboratory experiments
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involving fluid flow and introduction of metal ions during reaction periods. The major focus
during the experiments regarding this question was the kinematics of lead and zinc in MVT
brines. Chemical analysis using ICP-OES of the fluids after precipitation was complete illustrate
a preferential precipitation of lead species in the system. This preferential growth of galena
coincides with previous geochemical work on MVT deposits (Ohle, 1980; Barret and Anderson,
1982; Liu et al., 2020). In instances where common sedimentary minerals such as biotite,
potassium feldspar, and quartz are chemically weathered and have their metallic ions leached,
solutions can easily reach Zn/Pb ratios of 32/1 but will often require ratios of 50/1 before
precipitating sphalerite (Sverjensky, 1986). The results from this experiment substantiate these
claims, as when zinc is in the presence of lead, only galena formed; when lead is absent,
sphalerite precipitated.
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CHAPTER VII
CONCLUSIONS
7.1

Summary
MVT deposits are critical for economic lead and zinc sources and are often mined for

these materials. Learning more about the geochemical environments in which these deposits are
formed is therefore extremely important in continuing a viable supply of these elements to
modern civilizations. Understanding the brines in which MVT deposits form provides insight
into the environment and where future MVT deposits may be found and explored. Many aspects
of these brines are understood well, including temperature of deposition and the substrate in
which the deposition occurs. This experiment has tested specific brine and depositional variables
that were less understood, such as the source sulfate reduction in low temperature MVT brines
and concentrations of metal ions.
In low temperature MVT systems (70 – 100 °C) it is very likely that biologic reduction of
sulfates to hydrogen sulfide takes place. SO4 was unable to reduce at temperatures under 100 °C
and it is unlikely that such an acidic fluid would not leach metal ions and form metal sulfides
with them prior to being transported to the MVT deposit area. This research suggests that it is
likely in shallow MVT deposits that an in-situ metal rich brine contains sulfate reducing bacteria
as the main source of hydrogen sulfide. Bacteria driven sulfate reduction is even more likely in
shallow salt dome caprock MVT deposits that are often found near anhydrite or gypsum layers, a
significant source of sulfates.
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The cyclicity of MVT deposits has been examined through the hydrothermal reactions
conducted for this research as well, and it is likely that kinematics plays a large role in the
chemical zonation found in MVT deposits. It should be noted that aside from experiments absent
of reduced sulfides or lead itself, galena was able to precipitate in relatively high abundance.
This is contrasted by sphalerite, which was only able to form when zinc was the only metal ion
in the solution. Even in these instances, sphalerite growth was minimal compared to galena, and
crystals that did form were on the order of 10-50 times smaller in diameter than the galena
crystals. It is highly probable that chemical zoning and the banding of sulfide minerals occurs
due to lead’s preference to precipitate from solution, and zinc’s inability to do so unless in very
high concentrations.
This means that in order to create bands of galena and sphalerite, multiple phases of fluid
flow are likely, or the introduction of metal ions is slow enough so that galena precipitation may
remove enough lead from solution to later allow sphalerite precipitation. Once enough zinc is
removed from the system, galena again will begin to form. This cycle may repeat until the
system no longer favors the precipitation of metallic sulfide minerals. Paragenetic sequences
described here line up with observations from in situ fluid inclusion analysis done by Wilkinson,
2001.
The dolomitic substrate plays an integral role of alkalinity control, and releases CO3
when it dissolves. Among the CO3 is also Mg and Ca, which may all react with lead in the
system to form leadhillite. Although not the main focus of the study, these results shed some
light on the formation of leadhillite deposits.
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7.2

Future Work
Future work may be done in the field determining the forces which control how brines

are transported into these MVT environments. This will provide insight on how some ores, other
than lead and zinc ores, may be transported and where mining might be plausible. Many
biological processes studied in these cases are directly responsible for the precipitation of metals,
so isolating alkalinity as a factor still must be done in order to understand its role in lead and zinc
sulfides.
A more complete use of sulfate reducing bacteria may be utilized in the future as well.
Our experiments were limited by considerable time constraints. Thermophilic sulfate reducing
bacteria require years to produce the amount of methane and hydrogen sulfide required to create
notable sphalerite and galena deposits. Allowing more time for the bacteria to reduce the sulfate
in the brines would allow for a more accurate 34S signature in the minerals and could be more
closely related to real MVT processes. Many more experiments may be done varying only CO3
and SO4 concentrations to determine the role of alkalinity in the deposits. Those experiments
would likely require the removal of dolomite as well. Since our experiments focus on the initial
genesis of sphalerite and galena in MVT deposits, a greater amount of time would help in
determining later formation mechanics once precipitation has begun.
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APPENDIX A
LAB SETUP AND HAND SAMPLES
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Figure A.1

Pure dolomite used as substrate for experiments

Crystalline dolomite was used as the substrate for all precipitation experiments. Only fresh dolomite was used, and
the weathered surface was broken off and discarded. This, along with x-ray diffractometry, allows us to ensure the
composition of the dolomite remains the same across each test.
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Figure A.2

Autoclaves used in the experiments.

50 mL, 75 mL, and 100 mL, from left to right.
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Figure A.3

Autoclave components

Stainless steel outer layer, with Teflon chambers for the fluids to react in, without reacting with the chamber they are
housed in.
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Figure A.4

4C-1S hand sample

Dolomite substrate containing surficial sulfide mineralization.
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Figure A.5

4C-1S precipitates

Sulfide mineral precipitates, no dolomite is imaged here.
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Figure A.6

3B-2S hand sample

3B-2S dolomite substrate displaying sulfide mineral precipitation.
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Figure A.7

1C-2S precipitates

Sulfide mineral precipitation from 1C-2S. Some sulfur can be seen (translucent crystals).
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Figure A.8

5B-3S hand sample

Dolomite with sulfate growth. No sulfides formed when using the 3S brine composition at 70 oC.
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Figure A.9

1B-4S hand sample

Dolomitic substrate and sulfide precipitates. In these experiments, dolomite dissolution and weathering took place,
and small fragments of dolomite are found within the sulfide precipitates.
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Figure A.10 1B-4S precipitates
Sulfide mineral precipitates. In the 4S samples, small fragments of dolomite can be found along with the sulfur
crystals.
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Figure A.11 3C-5S hand sample
Large amounts of sulfide mineral precipitates formed on the dolomitic substrate.
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Figure A.12 3C-5S sulfide precipitates
The sulfide mineral precipitates in 5S samples are very fine grained and uniform, aside from the translucent
amorphous sulfur content.
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Figure A.13 2C-6S hand sample
Sphalerite precipitated on the dolomite in small quantities. Th sphalerite mineral is actually white as a powder, due
to it being very pure and synthetically grown.
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Figure A.14 2C-6S precipitates
Fine grained sphalerite precipitates and other sulfur materials grown from 6S brine compositions.
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APPENDIX B
STANDARDS
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Figure B.1

Galena XRD Standard

Full XRD pattern of the mineral galena. The peaks that were most important in the analysis of the powdered
material are located within 10 to about 55 degrees. In order to get a clean reading of the sulfides present, the samples
were ran in the XRD at angels between 10 to 60 degrees, at 30 seconds a degree. The following XRD data is a result
of these procedures
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Figure B.2

ICP-OES Sulfur Standards

Sulfur standards using a 0.1, 1, 10, and 100 ppm standard solution of sulfur mixed in a nitric acid solution.
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Figure B.3

ICP-OES Zinc Standards

Zinc standards using a 0.1, 1, 10, and 100 ppm standard solution of zinc mixed in a nitric acid solution.
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Figure B.4

ICP-OES Lead Standards

Lead standards using a 0.1, 1, 10, and 100 ppm standard solution of lead mixed in a nitric acid solution.

Figure B.5

ICP-MS Sulfur-32 Isotope Standards
Sulfur isotope standards ran in ICP-MS. S32 was measured, and the R values were poor.
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Figure B.6

ICP-MS Sulfur-34 Isotope Standards
Sulfur isotope standards ran in ICP-MS. S34 was measured, and the R values were poor.
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Figure B.7

ICP-MS Zinc Standards

Zinc standards ran in ICP-MS. Lower values were used than in the ICP-OES, and a slightly lower R value was
recorded. This R value is still considered reliable.
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Figure B.8

ICP-MS Lead Standards

Standards of lead measured in the ICP-MS. All standards were measured in parts per billions.
Counts per second from the ICP-MS is on the y-axis, while measured lead standards are on the xaxis. The R value was exceptional.
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APPENDIX C
SUPPLEMENTARY DATA
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C.1

SEM Images and EDX Data

Figure C.1

Regional Brine Precipitates and Dolomite in SEM

Elevated temperatures paired with the acidity of the brine caused pitting in the dolomite substrate, increasing
alkalinity in the process. Imaged is the regional brine precipitates run at 120 oC.
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Figure C.2

Extremely high-mag SEM image of regional brine precipitates

Regional Brine. Framboidal crystal growth can be seen at very high magnification, which may be the beginning of
pyrite growth. I think these are bacteria. Either seed crystals or bacteria or bacteria becoming seed crystals.
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Figure C.3

1S precipitates and dolomite textural features

Lower magnification shows the physical effects of the high temperature, highly concentrated brine on the dolomitic
substrate. Pitting occurs along the surface in rhombohedral shape, which is the cleavage of dolomite. Chemical
weaknesses as well as physical weaknesses can occur in dolomite when subjected to acidic conditions at high
temperatures, while also precipitating new mineral growth. These features support a contemporaneous model of
host-rock dissolution/brecciation and sulfide mineral precipitation. Larger scale fractures can be seen as well, which
may be influenced by cleavage planes as well. 1S is shown above.
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Figure C.4

1S galena crystal on dolomite

Large Galena crystal, confirmed by XRD as well as dispersive x-ray data. 1S sample. Dissolution of the galena may
have occurred, or imperfect mineral growth due to physical interference with other precipitates. Fracture patterns
present on the dolomitic substrate are artifacts from preparing the dolomitic material.
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Figure C.5

SEM image of 1S precipitates

Cubic galena can be seen growing in abundance when concentrations of the brines were halved, while hydrogen
sulfide was slightly increased, demonstrating that the hydrogen sulfide content is more important to the growth of
these sulfide minerals than simply the abundance of lead and zinc. Tabulate minerals often possess a void space at
their centers, likely due to the system’s attempts at equilibrating after the solution is prepared and subsequently
subjected to high temperatures and pressures.
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Figure C.6

SEM images of 1S precipitates

Galena can be seen growing directly on the dolomitic substrate. Octagonal crystal habits can be seen in the
precipitates, indicative of a high rate of formation. Microscopic precipitates cover the galena and dolomite, thought
to be sulfur. Large quantities of sodium and chlorine remained within the solution, noted by the change in plasma
color when running brine solutions in the ICP-OES. Many of the octagonal crystals contain a void space in their
center, which may be indicative of fast growth as well.
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Figure C.7

SEM image of 4C-1S sample

4C-1S SEM. A high temperature brine with full Regional Brine Concentration. Needle-like growths are depicted
forming on a dolomitic substrate.
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Figure C.8

EDX of 4C-1S

EDS data from 4C-1S, at 2 different points on the material. Results indicate zinc mineralization, and lead
mineralization. It is likely that the minerals forming contain various amounts of sulfides, chlorides, and carbonates.
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Figure C.9

SEM image of 5B-3S precipitates

Crystal growth shows striations. Octagonal crystal with striations and small amorphous-like sulfur precipitations
forming on its surface. Possible mineralogy is leadhillite or anglesite based on the composition of the fluid used and
the octagonal shape. EDX indicated lead, carbon, and oxygen in high abundances on similar crystal growths.
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Figure C.10 SEM image of 5B-3S precipitates
Tablet like crystals that are rimmed with microcrystals of laurionite or sulfur. The large tablets are sulfate minerals
based on composition of starting brine compositions.
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Figure C.11 SEM image of 6B-3S precipitates
Octagonal grains. Many of which display cubic void spaces, probably caused by dissolution of the original
nucleation site. Many of the octagonal crystals were run in EDX and demonstrated/revealed/showed high amounts
of lead and chlorine.

134

Figure C.12 5B-3S SEM image
The SEM imagery depicts a monoclinic crystal which may be the mineral leadhillite, whose chemical composition is
(Pb4SO4(CO3)2(OH)2) based on EDX and XRD data.
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Figure C.13 EDX of 3S samples
Solution 3S and its elemental make up at various points. EDX may indicate the formation of leadhillite, due to
oxidized, acidic, and sulfate rich brine in the presence of carbonate substrates. Pseudo-hexagonal crystal habits
shown in the bottom right and twinning with tabulate forms in the top left are typical of leadhillite. Leadhillite has a
chemical composition of Pb4SO4(CO3)2(OH)2.
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Figure C.14 SEM image of 3B-4S precipitates
Semi cubic/octagonal crystal shape found in some synthetic or fast-growing galena is present in this sample. Platy
mineral is likely laurionite based on. Galena crystals show dissolution features and subsequent recrystallization. The
dolomitic substrate appears to be undergoing dissolution along structural weaknesses. This can be noticed when
handling dolomite material prior to hydrothermal reactions, as the dolomite is often unusually fragile and brittle.
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Figure C.15 SEM images of 1B-4S precipitates
Precipitates include laurionite or hydrocerussite growing on galena based on the flakey and sheet-like appearance of
the minerals on the top. Galena can be noted by the cubic mineral shape. Hydrocerussite and laurionite are more
stable in oxidized environments, when compared to galena’s solubility.
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Figure C.16 SEM image of 1B-4S precipitates
Massive dissolution features found in some galena. Paragenetic sequence may be due to previous mineral growth,
either anglesite or leadhillite, dissolved after galena grew the previous mineral as a nucleation site. Alternatively, the
galena may have experienced dissolution during quenching.
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Figure C.17 SEM image of 1B-4S precipitates
Crystals of cerussite or laurionite, growing within or being surrounded by a large galena crystal.
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Figure C.18 3B-4S SEM images.
Paragenetic sequence involves original mineral growth which galena grows around, followed by dissolution of the
original central mineral.
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Figure C.19 3B-4S EDX data
EDX determined a high amount of lead and sulfur relative to other elements when measuring the compositions of
the cubic minerals. The void space may have been a mineral similar to leadhillite seen in 3S samples before
dissolution as the system heated and reached a more reduced state and eventual equilibrium.
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Figure C.20 SEM image of 3C-5S precipitates
In solutions with less zinc, galena was more abundant, but magnesite was present in the form of many small crystals.
Cubic minerals are galena, whereas magnesite is the smaller crystals.
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Figure C.21 4C-5S SEM image
IN this sample from a solution that had no zinc, galena demonstrated twinning and appeared to grow from multiple
nucleation sites.
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Figure C.22 1C-6S EDX data
Spectrum 1 shows an amorphous material high in zinc and oxygen. Spectrum 4 highlights the dogtooth like
crystallizations of sphalerite, characterized by high zinc and sulfur concentrations.
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